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Monoclinic Tm:KLu(WO ) : A new crystal for efficient4 2
diode-pumped continuous-wave and Q-switched lasers.
Martha Yamile Segura Sarmiento
Monoclinic potassium lutetium double tungstate KLu(WO )  is 4 2
established as new laser host for Tm, Yb and Ho active ions due to (i) its 
very high values of absorption and emission cross sections (ii) its relatively 
large Lu-Lu distances allowing high ion concentration with minimum 
fluorescence quenching effects and (iii) the long lifetime of the upper laser 
level ensuring high energy storage. These characteristics  are exploited in 
this work using Tm as active ion to generate laser emission at 1.94 µm.
The local maximum of water absorption at this wavelength makes this laser 
interesting for medical and atmospheric applications. Polarization switching, 
dual-wavelength operation, vibronic laser, thin-disk laser design, passive Q-
switching and the laser-tissue interaction of the 1.94 µm Tm:KLu(WO )  laser 4 2 
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Monoclinic Tm:KLu(WO4)2: A new crystal for efficient
diode-pumped continuous-wave and Q-switched lasers
Monoclinic potassium lutetium double tungstate KLu(WO4)2 crystal is established as
a new laser host for Tm, Yb and Ho ions. Its high absorption and emission cross sec-
tions, partially due to its high anisotropy, its relatively large Lu-Lu distance allowing
high active ion concentration without significant fluorescence quenching, and a long
upper level lifetime make this host suitable for efficient continuous-wave and passive
Q-switch lasers.
The Tm:KLu(WO4)2 laser has a medium power level, of less than 10 W in continuous-
wave regime. Its laser wavelength of around 1.9 µm also demonstrates an interesting
polarization switching effect due to similar values of gain for each polarization at se-
lected population inversion levels when the crystal is cut in such a way that the light
propagates along the Ng principal optical axis, and dual-wavelength laser emission
when the crystal is cut for propagation along Np.
Vibronic laser emission was observed using Tm with Yb sensitization in which the
longest value of 2.04 µm resulted from the coupling between the Stark level with
energy 522 cm−1 and the phonon with energy at 236 cm−1.
Higher power and efficiency (compared to slab geometry) were achieved using the
thin-disk geometry of the same material in which the active medium was made of a
thin active layer grown on undoped substrates. Highly Tm-doped layers were pol-
ished to several thicknesses to study the evolution of the laser spectrum.
With regard to the pulsed regime, short pulse durations (a few nanoseconds) and
high peak powers (low kW) were achieved by means of the passive Q-switching tech-
nique using Cr:ZnS as an intracavity saturable absorber, reaching up to 200 µJ pulse
energy at a repetition rate of 3 kHz.
Finally, laser-tissue interaction experiments were conducted using the 1.9 µm laser
wavelength in continuous-wave regime impinging on pig skin and eyes were made.
The results revealed incident power must be increase at lower exposure times to re-
duce collateral effects.
Keywords: solid-state lasers, monoclinic double tungstates, crystal growth, Tm lasers,
thin-disk, passive Q-switching.
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Josep Carvajal, Magdalena Aguiló, Francesc Dı́az, Uwe Griebner and Valentin
Petrov. Passive Q-switching of a diode pumped (Tm,Yb):KLu(WO4)2 laser near 2-µm
with a Cr2+:ZnS saturable absorber. Proceedings of SPIE, 8235, 82351U (2012).
Paper X: Xavier Mateos, Won Bae Cho, Martha Segura, Maria Cinta Pujol, Joan Josep
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Fifty years have passed since Theodore Maiman demonstrated the first laser using
rubies. Since that groundbreaking event, the amount of research conducted in the
field has markedly increased and thousands of scientists have tried to build the most
efficient, the most powerful or simply the most unique gas, dye, semiconductor or
solid-state laser. While early systems struggled to reach the lasing threshold, mate-
rials science has caught up and led the focus away from pure science and towards
solving technical problems. The literature reveals extensive research into a vast num-
ber of laser components. The art of laser science has evolved to become choosing
from among those many components, controlling the necessary material specifica-
tions and engineering the right system. Heat has to be removed, optics have to be
designed and, last but not least, a certain degree of cost efficiency has to be reached
to ensure applicability.
Lasers play an increasingly important role in our society. Some are hidden in
electronic equipment, like infrared diode lasers in CD-players and telecommunica-
tion systems. Others are used for scientific applications, like blue and green lasers
for spectroscopy or multiple visible lasers for microscopy. And lasers are used in
multiple other applications as well, ranging from materials processing to medical
treatments, environmental science and military applications. All of these lasers share
common and unique characteristics: a collimated and well defined beam allowing
energy to be concentrated to very small diameters leading to extremely high intensi-
ties generated on the surface of the workpiece.
Lasers based on dielectric solid-state materials combine properties such as long
excited lifetimes (from µs to ms) and compact, high-density, durable structures. Diode
pumped solid-state lasers (DPSSL) allow for greater compactness, easy handling and
high-power operation. The leading lasers are based on neodymium (Nd3+), ytter-
bium (Yb3+) or erbium (Er3+) and those using the Ytrium Aluminium Garnet (YAG)
or Yttrium Lithium Fluoride (YLF) (in the case of Nd3+) as hosts are commercially
available. Nd3+ and Yb3+ lasers emit around 1 µm, while Er3+ lasers emit at 1.5 µm.
Lasers based on thulium (Tm3+) in the 1.9-2 µm range, holmium (Ho3+) in the
1
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2 CHAPTER 1. INTRODUCTION
1.95-2.15 µm range and chromium (Cr2+) in the 2-4 µm range have been developed
in the 2 µm spectral region, which are of interest in medical and atmospheric appli-
cations mainly because the match with the absorption bands of molecules like water
or carbon dioxide. Of these, the Tm3+ ion is the most versatile due to its absorption
around 800 nm, which matches the commercially available AlGaAs diode lasers de-
signed for Nd3+ pumping, its relatively long excited level lifetime and its efficient
cross-relaxation process. These properties can be improved by a suitably selected
host, achieving higher absorption and emission cross-sections, broadly tunable wave-
lengths, longer lifetimes, and polarized or unpolarized laser emission. However, the
quasi-three level scheme of Tm3+ must feature efficient thermal management, either
through specific holders or by modifying the physical geometry of the crystal.
This research focuses on the study of Tm-doped monoclinic potassium lutetium
double tungstate as a laser source in continuous-wave (CW) and Q-switching (QS)
regimes, in bulk and thin-disk designs, both single doped and codoped with Yb.
The characterization of the laser emission for these different situations gives rise to
medium output power ranges with high beam quality and high peak powers in the
pulsed regime.
This chapter describes the Tm ion and provides a review of the current laser de-
velopments based on this ion. The relevant properties of the active material as a
medium for laser generation are also described. The experimental techniques used,
such as the growth process, the characterization of the active medium and laser gen-
eration are described in chapter 2. The experimental results in CW regime are dis-
cussed in chapter 3, while the pulsed characteristics are described in chapter 4. Pre-
liminary experiments on laser-tissue interaction as a medical application of this laser
are presented in chapter 5. Finally, the last section contains the conclusions that can
be drawn from this research and suggests some additional objectives.
1.1 Solid-state lasers
The principle of the operation of a solid-state laser, or Light Amplification by Sti-
mulated Emission of Radiation, can be described as follows: an active material, con-
taining the active ions embedded in the host, is excited via a certain pump process.
In the case of an optically pumped scheme, the material absorbs incident radiation
causing the inversion of the electronic population. This happens if lifetime of the
excited state is long enough to ensure that the electronic population in the excited
state is higher than in the ground state. In the first stage, spontaneous photons are
emitted by the material. When the intensity of the incident radiation is high enough,
the inverted population itself leads to stimulated emission, caused by spontaneously
emitted photons decaying in the same phase as the incident radiation. As a result,
the outgoing radiation is amplified. This stimulated emission (gain) can be amplified
coherently with specially designed cavity mirrors. If the cavity is designed so that the
gain exceeds the losses (due to absorption, scattering or diffraction), then a coherent
field can build up. Coating one cavity mirror so that it transmits a lower percentage
of this field generates an output beam with little divergence.
For the description of the laser process, a simple two-level system is considered,
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CHAPTER 1. INTRODUCTION 3
FIGURE 1.1. Scheme of the three-level and four-level systems. g: ground level, l: lower laser
level, u: upper laser level, p: pumped level
in which simultaneous absorption and stimulated emission occurs. In general for
solid-state materials, laser systems are classified as three-level and four-level systems
[1]. Figure 1.1 shows a scheme for such systems. A common feature of this two is
that the system is pumped to a higher energy level (p) and the upper laser level (u) is
populated by means of a rapid decay or non-radiative transition. In a three-level sys-
tem, the lower laser level (l) is the ground state (g). To achieve population inversion,
at least half of the atoms must lie on the upper laser level and, due to the remaining
population in the lower laser level, reabsorption of the laser radiation occurs. In a
four-level system, the lower laser level (l) is well above the ground state in energy
and it is depopulated by fast decay to the ground state. Ideally, in this configura-
tion only one atom is needed to achieve population inversion. This translates to a
lower threshold compared to the three-level system and the absence of reabsorption.
An intermediate situation is found with quasi-three level lasers in which the lower
laser level is a sublevel of the ground state with high energy, where reabsorption is
less likely than in the three-level system. Adequate cooling of the active medium
minimizes reabsorption mechanisms.
1.2 The thulium ion (Tm)
The atomic number of Tm is 69, its electronic configuration is [Xe]4f136s2 and the
most stable oxidation state is the trivalent form (3+) losing the two electrons from
the 6s shell and one from the 4f shell. Like other triply ionized lanthanide ions, the
electronic transitions take place within the 4f shell. The remaining 12 electrons from
the 4f in the Tm3+ ion, are shielded by the 5s and 5p electrons making the transitions
very well defined in energy. The resulting energy levels diagram is shown in figure
1.2 along with the energy transfer mechanisms that take place between Tm ions de-
pending on the Tm-Tm distance in the host material. The nearly 2 µm laser emission
originates from the 3F4 →3H6 transition. The pump level is 3H4 which rapidly de-
cays to the long lived 3F4 energy level or to 3H5. In case of 3H5 decay, up-conversion
processes take place, so that higher energy levels can be populated by excited state
absorption. The most important mechanism to enhance the emission of 2 µm from
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FIGURE 1.2. Energy levels of Tm3+ showing upconversion processes and cross relaxation
mechanisms
Tm is cross relaxation, which consists of transfer of energy from an excited ion to
another in the ground state. In figure 1.2 these mechanisms are labeled as CR1, CR2,
CR3 and CR4. At an appropriate doping level it is possible to take advantage of
this process because the quantum efficiency can be near 2, although some quenching
effects or undesired depopulation of the laser level will be present. Cross relaxation
mechanisms are mediated by phonons because the energy transitions of both ions are
non-resonant [2].
Because of the even number of electrons, the quantum number J is integer and the
electronic transitions are polarization dependent. The interaction between the electric
field from the crystal host and the ion causes the energy levels to split. Depending
on the symmetry of the crystal host, maximum splitting can be 2J + 1 for integer J,
which is obtained for low symmetries. For the fundamental state 3H6, 13 Stark levels
are expected, while in the case of 3F4, 9 Stark levels are expected for low symmetries.
This is the case of Tm-doped monoclinic double tungstates such as Tm:KLu(WO4)2,
the Stark levels corresponding to the 3F4 and 3H6 manifolds are depicted in figure
1.3.
According to Boltzmann’s law, the relative population of the Stark levels at ther-





and the partition functions Za
Za = ∑ gi exp(−Ei/kBT) (1.2)
where ga and gi are the degeneracy of the states a and i (in the case of Tm the
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FIGURE 1.3. Stark splitting of 3H6 and 3F4 for the Tm ion in KLuW host, showing (in red) the
relative population of each Stark level of the ground and upper states at 300 K
upper and lower laser levels both have degeneracy 2), Ea is the energy relative to the
bottom of the state, Ei is the energy of the Stark level, kB is the Boltzmann constant
and T the equilibrium temperature. The red lines in figure 1.3 indicate the relative
population of the Stark levels for both the lower (3H6) and upper (3F4) laser levels
assuming T = 300 K. Due to the small population of the upper Stark level of the
ground state, the Tm ion can be considered as a quasi-three level system and the
most probable transition would be from the lowest Stark level of excited 3F4 to the
highest Stark level of 3H6. However, some reabsorption losses at the laser wavelength
of unpumped regions will occur due to the non-zero population of the highest Stark
level in the ground state. Consequently, the characteristics of such a quasi-three level
system are:
• The threshold is higher compared to four-level systems.
• The emission wavelength depends on the balance between emission and reab-
sorption (optical gain), which depends on the excitation level. Therefore, the
laser wavelength will depend on the losses in the cavity, so the laser spectrum
will change with the reflectivity of the output mirror and/or other intracavity
optical elements that give rise to losses.
• Laser performance strongly depends on the thermal population at the operation
temperature, this means that the gain medium must be properly cooled.
1.3 The host materials
The material serving as host for the active ions must have good optical, mechanical
and thermal properties to be qualified as a good laser glass or crystal. Examples of
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6 CHAPTER 1. INTRODUCTION
these properties include hardness, high thermal conductivity, low thermal expansion,
low chemical contamination, low mechanical stress, homogeneity of the refractive
index, induced color centers resistance, limited scatter losses and producibility. The
interaction between the active ions and the host, define interesting laser parameters
including the appearance of specific spectroscopic properties of the ion, such as en-
hanced absorption and emission cross-sections at the pump and laser wavelengths,
an increased or decreased lifetime of the excited state, and an influence on the wave-
length tuning range by the vibrations of the host, just to name a few.
Either glass or crystals can be used as laser materials. The difference between
them lies in the amorphous nature of glass. There is not symmetry site for the Tm
ion to yield a locally variable external ”glass“ field and, consequently, the general
splitting of the energy levels are an average splitting of each Tm ion. Because of this,
glass has broad emission bands resulting in broad tunability. The most commonly
used glasses are heavy metal fluoride (ZBLAN) [3], silica [4] and tellurite (TZNG) [5]
in fiber laser designs.
Early solid-state lasers were based on a corundum host, a crystalline form of alu-
minum oxide (Al2O3), doped with Cr2+ or titanium (Ti4+) ions, commonly known as
ruby and sapphire respectively. These crystals are very hard, have high thermal con-
ductivity and can be grown to have excellent optical quality. They continue to be used
today in many applications due to their unique emission wavelengths. However,
laser efficiency is limited by their low pump absorption cross section, small product
of stimulated emission cross section and their fluorescence lifetime (σe × τf ). Other
crystal types offer higher laser efficiency and have absorption bands that match to
the emission spectra of commercially available high power AlGaAs or InGaAs diode
lasers. AlGaAs diode lasers are designed to pump Nd3+ lasers around 800 nm while
InGaAs diodes match with the absorption of Yb3+ and Er3+ ions. One of the advan-
tages of Tm doping is the pumping with the high power AlGaAs laser diodes.
The high efficiency and high power of the laser emission at around 2 µm of Tm,
pumping with AlGaAs diode lasers in CW regime, have been achieved in a wide
variety of crystalline hosts, including yttrium aluminum garnets such as the cu-
bic Y3Al5O12 (YAG) [6, 7, 8] and the orthorhombic YAlO3 (YAlO) [9, 10, 11]; fluo-
rides such as the tetragonal LiYF4 (YLF) [12, 13, 14], LiGdF4 (GLF) [15] and LiLuF4
(LLF) [16], and monoclinic BaY2F8 (BaYF) [17]; tetragonal vanadates as YVO4 [18, 19],
GdVO4 [20, 21] and LuVO4 [22, 23]; and the cubic sesquioxides Lu2O3 [24] and Sc2O3
[25]. Other less common, but no less important hosts are: manganates such as the
orthorhombic β′Gd2(MoO4)3 (GdMO) [26] or the monoclinic BaGd2(MoO4)4 (BGM)
[27].
1.4 Double tungstates as hosts for Tm lasers
Monoclinic double tungstates, with the general formula KRE(WO4)2 where RE=Y,
Gd, Lu (shortened to KREW), display a maximum absorption cross section (σa) at
around 800 nm. Both the σa corresponding to 3H6 →3H4 transition for Tm:KLu(WO4)2
(KLuW) and the emission cross section (σe) corresponding to the 3F4 →3H6 transition
are the highest among all other crystalline hosts.
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CHAPTER 1. INTRODUCTION 7
Monoclinic double tungstates are centrosymmetric crystals so the second-order
of non-linear optical susceptibility is zero, but they feature large third-order non-
linear optical susceptibility χ(3) making them attractive for self-frequency conver-
sion through Stimulated Raman Scattering (SRS) extending the wavelength range
from 1.9 µm to 2.3 µm [28]. High intracavity energies are needed to generate Raman
emission, and such energies are provided in QS experiments. This was demonstrated
in Yb:KGW [29] and Yb:KLuW [30]. A small signal corresponding to Raman self-
frequency conversion of Tm at around 2 µm was demonstrated in KYW but could
not be characterized [31]. Other works use KREW as an intracavity Raman shifter for
Nd lasers such as Nd:YAG [32].
Another advantageous property of monoclinic double tungstates is the broad tu-
ning range. In the case of Tm at around 2 µm this tuning extends∼200 nm (due to the
strong vibrations of the host) which together with their fluorescence lifetime, make
them suitable for passive mode-locking operation. This has been demonstrated in
other studies, achieving∼ 10 ps pulse duration, with 240 mW average power and 126
MHz repetition rate at 1.9 µm using single walled carbon nanotubes (SWCNTs) as the
saturable absorber in [33], and 145 fs pulses at 2.04 µm with the same crystal and the
same saturable absorber in [34]; 549 fs pulse duration with 411 mW average power
and 105 MHz repetition rate of around 1.986 µm using InGaAsSb quantum-well as
the saturable absorber in [35], and using PbS quantum-dots saturable absorbers but
displaying some instability in [36].
Complete knowledge of the structure and morphology of the crystals makes eas-
ier to study the optical and thermal properties. This is of basic interest to further
understanding the behavior of the crystal as the active medium of a laser. The pro-
perties of KLuW have been previously studied in FiCMA-FiCNA laboratories and are
briefly discussed below. Therefore, the next section starts with a brief description of
the unit cell and the definition of the crystallographic axes, together with the optical,
spectroscopic and thermal properties and the thermo-optic coefficients.
1.4.1 Crystal structure
The unit cell parameters of KREW were first described by Klevtsov and Kosseva
[37]. They later reported that KREW’s belong to the monoclinic system with the C2/c
space group [38]. In 1987, Yudanova et. al [39] determined the unit cell parameters in
the space group I2/c. According to [40] and [41], both crystallographic settings are
correct. However, according to the International Union of Crystallography the stan-
dard setting is C2/c. The complete crystallographic characterization of KLuW was
studied at FiCMA using the X-ray diffraction technique reported in [42].
X-ray diffraction analysis can be conducted with powder or single crystal sam-
ples. In powder diffraction, complete patterns are observed regardless of the orien-
tation of the sample in relation to the X-ray beam. It is used, for example, to analyze
the unit cell parameters of the crystal. Single crystal diffraction is used to determine
the space group, interatomic distances and the position of the atoms. When X-rays
pass through a crystalline sample, they are diffracted because the wavelength is on
the order of amstrongs, as is interatomic separation. The wavelength λ is related
to the separation planes dhkl of the atoms in the crystal by means of Bragg’s law:
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8 CHAPTER 1. INTRODUCTION
a)
b)
FIGURE 1.4. Projections of the KLuW structure a) Parallel to c and b) Parallel to b crystallo-
graphic directions, reprinted from [44].
nλ = 2dhkl sin θ, where n is the order of the maxima interference pattern and θ is the
dispersion angle.
The structure of KLuW crystals at room temperature was determined using these
techniques [42], as was the evolution of the unit cell parameters with temperature
and doping level. KLuW crystallizes in the monoclinic system with the space group
C2/c and 2/m point group. The unit cell parameters for undoped KLuW crystals
were a = 10.556(7) Å, b = 10.214(7) Å, c = 7.487(2) Å and β = 130.68(4)◦, with
Z = 4. The a, b and c parameters increase linearly with Tm doping and β remains
constant [43]. This is due to the greater ionic radius of Tm compared to Lu.
The unit cell of KLuW contains 4 potassium (K) atoms, 4 lutetium (Lu) atoms, 8
tungsten (W) atoms and 32 oxygen (O) atoms, as shown in figure 1.4 where RE=Lu.
Figure 1.4 also shows the projections parallel to the c and the b crystallographic di-
rections of the unit cell. The Lu3+ cation in the unit cell is eightfold coordinated by
oxygen atoms, forming a distorted square antiprism. The local site symmetry of Lu3+
is C2 (4e Wyckoff position), and the dopant ions are found on this site. The LuO8 poly-
hedra form a zig-zag chain in the [101] direction sharing O–O edges. The distances
between Lu–Lu pairs are important for energy transfer mechanisms between dopant
ions. This distance in the LuO8 chain parallel to c is 4.045 Åthe lowest compared to
the other distances, whose values 5.982 Å and 6.693 Å.
The coordination figure of the tungstate anion is a distorted octahedron, WO6.
The units W2O8 form a characteristic double chain in the crystallographic c direction
by sharing vertex O (see figure 1.4b)). The alkali cation K+ is twelve-coordinated by
O ions forming a distorted icosahedron.
The variation of the unit cell in relation to the doping level was explored with up
to 20 at.%Tm doping level in [42]. Knowing this variation is important in order to
understand the feasibility of epitaxial growth of doped layers on undoped substrates
without macroscopic defects. With the maximum doping level of Tm, the relative
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CHAPTER 1. INTRODUCTION 9
FIGURE 1.5. Optical ellipsoid of monoclinic KLuW.
change in cell volume was found to be 0.30×102, the minimum change was found in
a, the maximum in c while the angle β remained constant.
1.4.2 Optical properties
Due to the strong anisotropy of monoclinic crystals, their physical properties depend
on the orientation of the crystal. This also means that monoclinic double tungstates
are biaxial with the binary axis parallel to the b crystallographic direction. The optical
properties of these materials are described in terms of an optical ellipsoid consisting
of three perpendicular directions or principal optical axes Ng, Nm and Np with as-
sociated refractive indices ng > nm > np respectively. The principal optical axis Np
coincides with the b crystallographic direction and the other two lie in the a-c plane.
The principal optical axis Ng is located at 18.5◦ in relation to the c crystallographic
direction and Nm at 59.2◦ in relation to the a crystallographic axis with b pointing
toward the observer. This is shown in figure 1.5, where the optical ellipsoid is drawn
with the morphology of KLuW.
Once the principal optical axes have been determined, it is important to know the
dispersion of the refractive index. This was measured in [45] for the three refractive
indices ng, nm and np by means of the minimum deviation method. The experimental
values are shown in figure 1.6a) together with the Sellmeier fitting, which is expressed
as follows






)2] − Dλ2 (1.3)
where the coefficients A, B, C and D, valid in the visible and the near-IR, are sum-
marized in table 1.1
Figure 1.6a) also shows the extrapolation of the refractive indices up to 2 µm, to
give an idea of what the refractive indices are at this wavelength.
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FIGURE 1.6. a) Dispersion of refractive indices. b) Variation of angle 2Vg depending on wave-
length.
A B C (µm) D (µm2)
np 3.21749 0.75382 0.25066 0.05076
nm 3.36989 0.74309 0.26193 0.04331
ng 3.58334 0.73512 0.26700 0.02953
TABLE 1.1. Sellmeier coefficients for KLuW
If a crystal belongs to the monoclinic system, then it is biaxial, meaning that it
has two optical axes, or two circular sections in the optical ellipsoid with radius nm
(or the medium refractive index). When a beam propagates along one of the opti-
cal axes, conical refraction occurs. Conical refraction is a curious phenomenon that
was deduced by Hamilton and observed by Lloyd in 1833 and brought to light in
these authors’ seminal works published by the Royal Irish Academy [46, 47]. Conical
refraction emerges as a hollow cone light and it has been observed in Yb:KGW [48]
and Nd:KGW [49] lasers at around 1 µm, but there are no reports concerning conical
refraction of 2 µm laser emission of Tm in KREW.
The optical axes are contained in the Np−Ng plane and the angle formed by these





where the refractive indices np, nm and ng are those obtained with Sellmeier’s
fitting in equation 1.3. The dependence of angle 2Vg on wavelength is shown in
figure 1.6b).
Another optical property refers to the optical transparency of the crystal. This is
important because the crystal serving as host for the dopant ions, must be transparent
for both the pump and the laser wavelengths. In the case of KLuW, transparency
range from 0.35 µm to 5.5 µm shown in figure 1.7 [50].
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FIGURE 1.7. Unpolarized transmission of undoped KLuW, reprinted from [44].
1.4.3 Spectroscopic properties
1.4.3.1 Absorption and emission cross section
The characterization of the spectroscopic features of Tm in KLuW is extremely impor-
tant in order to determine the exact optimum pump wavelength for laser generation
as well as to estimate the laser wavelength with the largest gain cross section. The
absorption and emission cross-sections depend on the orientation of the crystal in
relation to the incident electric field. This orientation is characterized by the optical
ellipsoid with its principal optical axes Ng, Nm and Np.
First, the spectroscopy of Tm must be characterized in terms of optical absorp-
tion. An incoming polarized beam is used to show how the crystal absorbs as a
function of the polarization of the incident light. The polarized optical absorption of
the 3H6 →3H4 transition of Tm in KLuW was previously measured in [51, 43] and is
shown in figure 1.8. Note the large absorption cross section (6× 10−20 cm2) at 802 nm
for polarization parallel to Nm with a 4 nm line width and a maximum σabs centered
at 794 nm for E ‖ Np but with a 1 nm line width. The 802 nm wavelength is very inte-
resting because of the availability of high power commercial diodes in the vicinity of
802 nm, which are, of course, tunable by controlling the temperature. Furthermore,
the pump sources can be unpolarized, allowing the active medium to absorb both
polarizations.
Finally, the optical absorption with polarization parallel to Ng does not show any
unusual characteristics as a result of the lower absorption cross section. This principal
optical direction is therefore suitable as the propagation axis.
With regard to the laser emission, figure 1.9a) and b) shows the absorption and
the calculated emission cross section for the 4F4 →3H6 transition, for Nm and Np
polarizations, in the 1450 - 2125 nm wavelength range.
This is to evaluate the suitability of this transition for laser generation. Because
the emission cross section is larger than the absorption cross section from around
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FIGURE 1.8. Polarized optical absorption spectra of Tm:KLuW (from [51]).
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FIGURE 1.9. Absorption and calculated emission spectra for polarizations a) Nm and b) Np
which show the greater absorption. Gain cross section for several population in-
version factors β for polarization c) Nm and d)Np (from [51]).
1800 nm to around 2000 nm, a certain inversion level β should exist for which the
gain cross section is positive.
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CHAPTER 1. INTRODUCTION 13
1.4.3.2 Stark energy levels
The splitting of the excited 3F4 and ground 3H6 energy states of Tm by means of the
crystal field of KLuW, was documented in [43] which measured the optical absorp-
tion of the excited level and the photoluminescence for the ground state, both at a low
temperature (6 K). At such temperatures the extra- peaks caused by thermal popula-
tion and those caused by electron-phonon coupling are eliminated. For monoclinic
symmetry, 13 Stark levels are expected for the ground state 3H6 while at the upper
laser level, 3F4, 9 Stark levels are expected. These values are compiled in table 1.2 and
the energy level scheme according to these is shown in figure 1.3.
2S+1LJ Energy (cm−1)
3H6 0, 135, 155, 224, 247, 256, 279, 329, 246, 359, 513, 522, 530
3F4 5663, 5711, 5724, 5768, 5876, 5963, 5976, 5981, 6002
TABLE 1.2. Stark levels of 3H6 and 3F4 energy states of Tm in KLuW [43].
1.4.3.3 Energy level lifetimes
The lifetimes of the pump (3H4) and the laser (3F4) energy levels are useful in charac-
terizing both the cross relaxation processes that populate the 3F4 laser level and the
energy storage for Q-switching experiments.
Some fluorescence quenching effects are present in Tm ions. This means that the
lifetime for a specific energy level drops when the ion concentration is increased. In
[43] the lifetime for 3H4 level (τp) with an emission at λ = 1.48 µm corresponding to
the 3H4 →3F4 transition (see figure 1.2) was measured at 0.5, 1, 3 and 5 at.% doping
levels. The lifetime for the upper laser level 3F4 (τf ) corresponding to 1.9 µm was also
measured in [51] for 3 and 5 at.%Tm. Both lifetimes were determined by the pinhole
method to eliminate the radiation trapping effect [52]. These values are compiled in
table 1.3.






TABLE 1.3. Decay times from the emitting 3H4 and 3F4 at different concentrations
The pump level and the cross relaxation processes, in particular the CR1 process
in figure 1.2 (written as (3H4, 3H6)→(3F4,3F4)), make the quantum efficiency of Tm
near 2. This means that one pump photon is resulting into two laser photons. The
quantum efficiency ηQ can be accounted for by using the depopulation of the 3H4
energy level in the model described by Honea et. al. in [6], expressed as
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where τ0 is the lifetime corresponding to the low concentration level N0, τr is the
radiative lifetime (both lifetimes corresponding to the 3H4 energy level) and β∗ is the
branching ratio for radiatively populating 3H5 or 3F4, which have values of 0.03 and
0.08 for Tm:KLuW respectively [43].
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FIGURE 1.10. Comparison of quantum efficiency for some Tm hosts including KLuW at sev-
eral doping levels.
With the data in table 1.3 and the branching ratio given above quantum efficiency
is calculated for several doping levels. For the calculation of ηQ for Tm:KLuW, was
assumed τr = τ0. This is shown in figure 1.10 together with other hosts such as YLF
and YVO where the data were taken from [53] and [18], respectively. As the figure
shows, quantum efficiency is similar in YVO and KLuW, while for YLF, this efficiency
is slightly lower. Therefore, a higher ion concentration is required for YLF to achieve
a quantum efficiency near to 2.
1.4.4 Thermal properties
Low-power laser applications do not usually suffer from thermal effects such as ther-
mal lensing, birefringence or fracture as a result of dissipated heat. On the other hand,
high power oscillators or amplifiers require good thermo-mechanical and thermo-
optical properties in order to prevent or minimize the consequences of such ther-
mal effects. Four-level and quasi-three-level lasers are prone to thermal problems,
as these generate very high temperatures. It is therefore essential to know some of
the features of the active medium in order to evaluate the consequences of thermal
problems when the laser is operating. One of these is thermal expansion, and others
include thermal conductivity, thermal diffusivity and the variation of the refractive
index with temperature dn/dT also called the thermo-optic coefficient.
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CHAPTER 1. INTRODUCTION 15
Due to the structure of KLuW, a significant thermal anisotropy is expected; there-
fore the unit cell parameters of KLuW were measured as a function of temperature
using X-ray powder diffraction analysis [54]. A linear variation of the a, b and c
parameters with temperature were obtained while β remains constant. The slopes
of these relations are the linear thermal expansion coefficient along each crystallo-
graphic direction with values α100 = 10.6× 10−6 K−1, α010 = 3.35× 10−6 K−1 and
α001 = 16.3× 10−6 K−1. Since the laser crystal is cut parallel to one of the principal
optical planes, the values of linear thermal expansion in this frame are needed, and
these values are: αg = 14.55× 10−6 K−1, αm = 11.19× 10−6 K−1 and αp = 3.35× 10−6
K−1. Compared to other KREW hosts, these values imply that KLuW is the host with
lowest thermal expansion anisotropy, which means it has the lowest probability of
cracking for thermal reasons during the lasing process. Thermal anisotropy can be
represented using the thermal ellipsoid with an orthogonal axis X′1α, X
′
2α ‖ b, and
X′3α with corresponding values α11 = 8.98× 10−6 K−1, α22 = 3.35× 10−6 K−1 and
α33 = 16.72× 10−6 K−1, respectively. It is shown in figure 1.11a).
a) b)
FIGURE 1.11. a) Thermal expansion and b) thermal conductivity ellipsoids for monoclinic
KLuW.
Thermal diffusivity D was also measured along the a, b, c and c∗ crystallographic
directions using Photopyroelectric Calorimetry, which is related to thermal conduc-
tivity κ by means of D = κ/ρCp, where ρ = 7.686 g/cm3 and Cp = 0.324 J/g K is
the specific heat capacity at 300 K measured in [54]. The thermal conductivity values
for the crystallographic directions and principal optical axes at room temperature are
summarized in table 1.4 and the thermal conductivity ellipsoid is characterized by
the three orthogonal axes X′1κ , X
′
2κ ‖ b and X′3κ with corresponding values κ11, κ22
and κ33, respectively, also shown in figure 1.11b).
κ κ100 κ010 κ001 κc∗ κg κm κp κ11 κ22 κ33
W/mK 3.06 2.36 3.90 3.95 3.59 3.41 2.36 2.95 2.36 4.06
TABLE 1.4. Thermal conductivity values of KLuW at room temperature
Compared to other hosts, KLuW has low thermal conductivity and requires ef-
ficient cooling. The highest thermal conductivity values are for YAG (11 W/mK),
UNIVERSITAT ROVIRA I VIRGILI 
MONOCLINIC TM:KLU(W04)2: A NEW CRYSTAL FOR EFFICIENT DIODE-PUMPED CONTINUOUS-WAVE AND Q-SWITCHED LASERS 
Martha Yamile Segura Sarmiento 
DL: T.667-2012 
   
  
 
16 CHAPTER 1. INTRODUCTION
sesquioxides (13.6-16.5 W/mK) and calcium fluoride (9.7 W/mK). Vanadates (5.1
W/mK) and fluorides (4.3 W/mK) have medium values [55].
The thermo-optic coefficients dng/dT, dnm/dT and dnp/dT must be determined,
especially for high-power lasers, because they cause thermal lensing and birefrin-
gence. They can be described as the sum of a variation caused directly by temperature
and a stress-dependent variation caused by the thermal expansion of the structure
[56]. For anisotropic materials, the thermo-optic coefficient (just like the refractive
index n) depends on the polarization of the transmitted light beam. Furthermore,
in inhomogeneous heating, dn/dT will additionally depend on the orientation of the
heat flow and on the orientation and shape of the heated zone, if the optical indicatrix
does not have the same orientation as the thermal conductivity tensor. The thermo-
optic coefficient can have positive or negative values. It is temperature-dependent;
many lasers materials will benefit from reduced thermal lensing if they operate at
low temperatures.
In [57], the thermo-optic coefficients were measured by means of the deflection
method at 633 nm and a temperature of 300 K. A thermal gradient was established
along two parallel faces of the sample, taking into account that two samples were
prepared for propagation along Np and Ng, and measuring the deflection angle of the
outgoing beam compared to the beam with a thermal gradient of zero. In total, four
measurements of the deflection angle were possible, and from these, the resulting




More recently, the thermo-optic parameters were reported for the monoclinic dou-
ble tungstates family [58], which are consistent with those reported in [57].
1.4.5 Vibrational frequencies of KLu(WO4)2
The vibrational properties of the host are important because they provide informa-
tion about the energy transfer between ions and the continuous tunability of the
laser emission. Laser tuning is possible due to the strong electron-phonon coupling
between the electronic transitions of Tm and the lattice vibration [59]. Similarly to
isostructural KGW [60], KYW [61] and KYbW [62], vibrational frequencies of KLuW
are analyzed according to the factor group theory [63], from which 72 vibrations are
predicted, and distributed among the irreducible representations shown in table 1.5
[28]. The notation used is as follows: (N) unit cell modes; (T) acoustic modes, (T’)
optical translational modes; (L) optical librational lattice modes, and (int) internal
modes.
The phonon energies are determined from the Raman spectra in figure 1.12a) and
1.12b) for the incident (g) and reflected (ḡ) beams propagating parallel to the principal
optical direction Ng. The terms in brackets indicate the polarization of the incident
and collected beams. For example, g(mp)ḡ means that the incident beam is polarized
parallel to Nm and the collected beam is parallel to Np but both are propagating along
Ng.
In [60], a very detailed study was conducted in which every vibration frequency
of KGW was assigned to a specific oscillation mode. In summary, the phonons below
UNIVERSITAT ROVIRA I VIRGILI 
MONOCLINIC TM:KLU(W04)2: A NEW CRYSTAL FOR EFFICIENT DIODE-PUMPED CONTINUOUS-WAVE AND Q-SWITCHED LASERS 
Martha Yamile Segura Sarmiento 
DL: T.667-2012 
   
  
 
CHAPTER 1. INTRODUCTION 17
Unit cell modes
C62h n(N) n(T) n(T’) n(L) n(int)
Ag 17 0 2 3 12
Bg 19 0 4 3 12
Au 17 1 4 0 12
Bu 19 2 5 0 12
72 3 15 6 12
TABLE 1.5. Factor group analysis for KLu(WO4)2 crystal
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FIGURE 1.12. Raman spectra for the orientations a) g(pp)ḡ and g(mp)ḡ. b) g(mm)ḡ and g(pm)ḡ
of KLuW, showing the energy of the most intense peaks
270 cm−1 are associated with the translational modes of the cations (K+, Lu3+ and
W6+) and the rotational motion of WO6 groups in the unit cell. The 270-400 cm−1
range is associated with bending modes, and the 400-1000 cm−1 region corresponds
to stretching modes.
The most intense phonon is centered at 907 cm−1 followed by 757 cm−1, both
corresponding to the Raman active vibrational modes. These phonons interact with
the electric field of the Tm laser emission to produce stimulated Raman scattering.
1.5 Diode-pumped CW operation of Tm lasers
Table 1.6 compiles the relevant spectroscopic properties of Tm-doped crystals with
regard to CW laser emission with diode pumping. It shows the symmetry of the
host and the polarization of the beam in brackets (in the case of anisotropic media),
the pump and laser wavelengths (λP, λL), the absorption cross section at λP (σa,P),
the emission cross section at λL (σe,L), the absorption cross section at λL (σa,L), the
fluorescence lifetime of the 3F4 laser level (τf ) and the saturation intensities at the
pump and laser wavelengths.
As shown in table 1.6, the σe for double tungstates is 10 times higher than that for
YAG and 3 times higher than that for YLF. The longest fluorescence lifetime belongs
to fluorides, from 13 ms to 17 ms, and to YAG (10.5 ms), with reduced the saturation
UNIVERSITAT ROVIRA I VIRGILI 
MONOCLINIC TM:KLU(W04)2: A NEW CRYSTAL FOR EFFICIENT DIODE-PUMPED CONTINUOUS-WAVE AND Q-SWITCHED LASERS 
Martha Yamile Segura Sarmiento 
DL: T.667-2012 
   
  
 
18 CHAPTER 1. INTRODUCTION
intensity. Therefore, low saturation pump intensities can be achieved with either a
high absorption cross section or a long lifetime.
A full spectroscopic characterization of the laser material provides all the rele-
vant information for the laser design, allowing the most suitable pump wavelength,
energy transfer mechanisms, lifetimes of the energy levels and the expected laser
wavelength to be determined, among other aspects. All this information is required
to predict how the laser will operate by means of the rate equations model applied
to longitudinally pumped solid-state lasers with reabsorption losses [78, 79]. The rel-
evant parameters needed to characterize laser emission from the Tm ion as a quasi-
three level system are reviewed below.
As a starting point, the absorption cross section σa of the transition of interest is
determined from experimental data and, with this, the emission cross section σe at
this transition is calculated using the reciprocity method [80]. This relationship is










where Ezl is the energy separation between the lowest Stark level of the ground
state and the lowest Stark level of the excited energy level, also known as the zero
phonon line, and Zl , Zu are the partition functions of the lower and upper laser levels
defined as equation 1.2.
The effective gain cross section is calculated from the absorption and emission
cross-sections, taking into account the ratio of the excited ions to the total ion density
known, known as the inversion parameter defined as β = N2/N and N1 = (1− β)N,
with the total ion density N = N1 + N2. The gain cross section is written as
σg(λ) = βσe − (1− β)σa (1.7)
In specific geometry and ion concentration it is common to use the small-signal
gain defined as 2g0l with g0 = σgN and l is the thickness of the active medium. In
this way, the threshold of the laser is reached when the small-signal gain equals the
cavity losses, such as absorption, scattering and diffraction δ, and those added by the
output mirror transmission Toc, which is
2g0l = δ− ln R with R = 1− Toc (1.8)






where βmin is the minimum inversion parameter to achieve active medium trans-
parency and is defined by setting σg = 0 in eq. 1.7
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Saturation intensity is the intensity at which the absorption is reduced to one half
its small signal value. The saturation intensities at pump and laser wavelengths in








where a fast relaxation time from the pump level was assumed to express the
pump saturation intensity in terms of the fluorescence lifetime of the laser level [81].
The minimum intensity Imin, which is the pump intensity needed to achieve the

















where I is the incident pump intensity and the population of the 3F4 energy level
via cross relaxation of 3H4 is accounted for by multiplying by 2. Eq. 1.13 shows that
low saturation pump intensities are required for efficient laser operation, and these
can be achieved with large absorption cross-sections and long fluorescence lifetimes.
Moreover, a high absorption cross section at the laser wavelength translates into low
saturation laser intensities associated with reabsorption effects.
The maximum optical efficiency for any host is determined by eq. 1.13, and de-
pends on the host’s spectroscopic properties. The variation of ηmax with the intensity
for all the Tm-hosts of table 1.6 are shown in figure 1.13a), except for LuVO4 which is
similar to that of GdVO4, and YALO which is similar to YLF. At low incident powers,
1.2 kW/cm2 for example, YAG shows nearly constant optical efficiency, so maximum
optical efficiency is achieved just after the threshold and it remains constant, while in
the opposite case of GdVO4, high pump intensities are needed to achieve maximum
optical efficiency. KLuW is in an intermediate situation with the advantage that at
high intensities, maximum optical efficiency is high and similar to GdVO4 and BaYF
at an intensity of 100 kW/cm2 (figure 1.13b)). However, maximum pump intensity is
limited by the mechanical and thermal properties of KLuW making suitable cooling
and the best geometry design necessary to efficiently dissipate heat.
In other cases, it is useful to work with a sensitizer ion. A sensitizer ion is a
high absorbing ion that efficiently transfers energy to another ion. Much research
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FIGURE 1.13. a) Maximum optical efficiencies for several Tm-hosts calculated from eq. 1.13
and b) maximum optical efficiencies at an incident intensity of 100 kW/cm2
has addressed this topic, using Yb3+ codoped with Tm in order to enhance pump
absorption [77, 83]. For instance, the absorption cross section of Yb in KLuW has
been reported to be 11.8×10−20 at 981 nm [50]. Other works have focused on the Yb-
ion as a sensitizer to depopulate undesired energy levels achieving laser oscillation of
other different transitions [84, 85, 86, 87, 88]. The Yb ion has only two manifolds, the
ground state 2F7/2 and the excited state 2F5/2. Once the ion is excited it only decays
to the ground state transferring part of its energy to another ion in codoped systems
and if the levels are reasonably resonant in energy.
1.6 Diode-pumped pulsed operation of Tm lasers
The Q-switching technique is very useful to generate high energy pulses and high
peak powers. This is a mode of laser operation in which the quality factor (Q-factor)
is altered. The Q-factor is defined as 2π times the ratio between the energy stored in
the resonator and the energy lost in one oscillation cycle. This means that in order to
achieve a high Q-factor in a resonator, it must have low energy losses. The Q-factor
can be changed by placing an opaque shutter inside the cavity. With the shutter
closed, laser radiation is prevented and the population inversion is high. When the
shutter is open, the Q-factor switches to high gain values which exceed the losses.
Long fluorescence lifetimes ensure very high energy storage for Q-switching ex-
periments because the population inversion is maintained for a long time, and a high
energy pulse is subsequently released. The lifetime of Tm in KREW is on the order of
milliseconds (ms) and is long enough to produce significant energy storage by means
of Q-switching.
Depending on the shutter type, Q-switching can be active or passive. The most
common methods of active Q-switching are [1]:
• Electrooptic shutter. This consists of an intracavity electrooptic crystal that
changes polarization state when an electric voltage is applied. This voltage
must be switched off in a very short time (<20 ns) to avoid multiple pulses.
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22 CHAPTER 1. INTRODUCTION
• Acousto-optic shutter. This is an acousto-optic modulator like a fused quartz,
bonded on one side to a piezoelectric transducer and to an acoustic transducer
on the other. It is driven by a radiofrequency (RF) oscillator that induces stress
on the modulator producing regions with different values of the refractive in-
dex resulting in an index gradient. It can be driven at high repetition rates.
Passive Q-switching (PQS) of DPSSL by means of an intracavity saturable ab-
sorber (SA) is a common technique to generate short and high peak power pulses,
mainly due to its simplicity and inexpensive cavity design. In PQS an external driven
source is not required like in active Q-switching. The intracavity SA must have a high
absorption cross section at the laser wavelength such that, ISAσSA > Igσe where ISA
is the laser intensity in the SA, σSA is the absorption cross section of the SA at the
laser wavelength, Ig is the intensity of the laser beam in the gain medium and σe is
the stimulated emission cross section of the gain medium at the laser wavelength.
The SA must also have a shorter upper level lifetime than the gain medium.
PQS has been successfully achieved in multiple lasers based on Nd and Yb ions,
emitting around 1 µm in YAG [89], YAB [90], vanadates like GdVO4 [91] and YVO4
[92], double tungstates like KGd(WO4)2 [29] and KLu(WO4)2 [30] among others, us-
ing Cr4+:YAG or semiconductors [93] as SAs.
Only a few researchers have focused on PQS at around 2 µm using Tm as active
ion in a DPSSL. To date, PQS has been achieved in YAG [94], KY(WO4)2 [31, 95, 96],
and YAP [97] using Cr2+:ZnSe and Cr2+:ZnS crystals, PbS Quantum dots (QD), and
InGaAs/GaAs semiconductor as SA’s (SESA). Table 1.7 shows the main characteris-
tics of such PQS DPSSL.
Host SA Pulse energy Pulse duration Peak power Reference
(µJ) (ns) (kW)
YAG Cr2+:ZnSe 400 300 1.3 [94]
KYW Cr2+:ZnS 6.7 63 0.106 [31]
KYW Cr2+:ZnSe 4 57 0.07 [31]
KYW PbS-QD 44 60† 0.7 [95]
YAlO SESA 28.1 447 0.063 [97]
KYW PbS-QD 30 8 3.75 [96]
TABLE 1.7. Optimum parameters achieved in PQS DPSSL based on Tm. † Detection limit of
the photodiode
Due to the long lifetime of the 3F4 level of Tm in YAG, the pulse energy is quite
high but the pulse duration is long because of its low emission cross section. On
the other hand, the higher emission cross section of KYW results in shorter pulses,
although the energy is limited by the incident pump power instead the lifetime of Tm
in KYW, reaching a maximum repetition rate of 20 kHz. Such high repetition rates do
not allow the long storage time of Tm to be fully used, which intrinsically limits the
pulse energy.
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1.7 Thin-disk design
The limitation of using bulk crystals with dimensions of approximately 3×3× 3 mm3
for high power purposes lies in the cooling of the active medium, specially in the
case of anisotropic crystals such as double tungstates. This affects the optimal per-
formance in terms of output power and beam quality. The thin-disk laser design was
proposed to overcome this [98]. It consists of a very thin layer of the active medium,
typically 100 - 200 µm, with a highly reflective coating on one face at the laser and
pump wavelengths, and a high transmission coatings on the other face. The first
face acts as one of the mirrors in the cavity and this is in contact with the heat sink.
This configuration allows the active medium to cool efficiently because the transverse
thermal gradient is minimized due to its thinness. A thin-disk laser is considered suf-
ficiently thin if the spot size of the pump beam is much larger than the thickness of
the active layer. This geometry ensures a one-dimensional heat flow that prevents
the thermal gradient in the crystal from causing a refractive index gradient and pro-
ducing a thermal lens. High output powers with thin-disk laser design have been
demonstrated with Yb-doped sesquioxides, tungstates and vanadates as well as in
Nd-doped YAG and YVO [99]. Pumping with several passes, it is possible to scale
the power up to the kW range [100].
The first thin-disk lasers using Tm as the active ion were based on a YAG host
[101, 102], but cooled at -30 ◦C and -17 ◦C, respectively. They were also attempted in
Tm:Lu2O3 but the output power was limited by thermal effects [103].
In order to design a laser with the thin-disk concept, the following characteristics
should be considered:
• The absorption and emission cross-sections of the active medium must be high
in order to reduce the thickness to a minimum.
• In order to increase the absorption per pump pass in lasing conditions, either
the dopant concentration or the thickness of the layer must be optimized, thus
minimizing the requirements of several pump passes. The dopant concentra-
tion should be maintained at a level that avoids reabsorption mechanisms.
As mentioned earlier, monoclinic double tungstates have high absorption and
emission cross-sections. They have a second interesting property as well: the rela-
tively large distance between Lu-Lu ions in KLuW allow for a high Tm concentration
without significant energy migration among ions, which results in quenching effects.
Energy migration is a resonant mechanism of energy transfer between an excited ion
and another in the ground state that causes a drop in the emitted radiation. This
process can be represented by R−6 with R the distance between interacting ions and
the 6th power indicating the nature of the interaction which, for RE ions, is an elec-
tric dipole-dipole mechanism. Due to the close ionic radius of Lu (0.977 Å in KLuW)
and Tm (0.994 Å in KLuW), a good approximation of the minimum distance between
Tm-Tm ions in KLuW is the same as that of Lu-Lu which is 4.045 Å[50]. The same
can be applied to other hosts in which Tm replaces Y in YAG or Lu in Lu2O3. Table
1.8 shows the comparison of minimum ion distances R and the probability for energy
migration ∝ R−6 where the distances are normalized to the Y-Y ion distance in YAG
[104].
UNIVERSITAT ROVIRA I VIRGILI 
MONOCLINIC TM:KLU(W04)2: A NEW CRYSTAL FOR EFFICIENT DIODE-PUMPED CONTINUOUS-WAVE AND Q-SWITCHED LASERS 
Martha Yamile Segura Sarmiento 
DL: T.667-2012 
   
  
 
24 CHAPTER 1. INTRODUCTION





TABLE 1.8. Minimum distance between ions of several hosts for the energy migration mecha-
nism. The distances are normalized to Y-Y ion distance in YAG
As shown in table 1.8, double tungstates offer the longest minimum distance
between ions to prevent energy migration mechanisms compared to the other hosts
used for thin-disk lasers at around 2 µm. This translates into the possibility of using
a thin layer with high doping levels of active ions without significant fluorescence
quenching of the laser transition. This reduces the pumping requirements to 2 or 4
pump passes instead of the common 8 passes as in [101, 102] or 24 passes as in [103].
It is worth noting the polarized laser emission generated from Tm:KLuW due to its
monoclinic nature.
The first thin-disk laser of Tm using monoclinic double tungstates as host was
based on a 300 µm 15 at.%Tm:KYW crystal in [105] achieving 4.9 W of output power
cooled with a copper holder with circulating water at 18 ◦C.
Very recently, an analysis was reported about power scaling in thin-disk lasers re-
lated to the suppression of amplified spontaneous emission (ASE) [106]. The analysis
consists of using an undoped layer (cap) that is index matched and bonded to the
active material. This cap prevents spontaneous emissions from being trapped inside
the active medium. This ’anti-ASE cap’ must be several times thicker than the ac-
tive medium. Some overestimations were detected [107] but these were confirmed in
[108, 109].
Because doped epitaxial layers can be grown on undoped substrates of double
tungstates using the Liquid Phase Epitaxy method [110], composites of active lay-
ers with anti-ASE caps can be used as thin-disk lasers. CW laser operation of 5
at.%Tm:KLuW/KLuW was reported in [111] and the thin-disk laser based on a highly
doped 15 at.%Tm:KLuW/KLuW with a thickness of 80 µm was reported in [112]
achieving 0.55 W maximum power.
1.8 Lasers in medicine
In medical applications and depending of the tissue interaction [113], lasers are used
in CW or in pulsed regimes. The Nd:YAG laser at 1320 nm and 1064 nm produce
coagulation and is used in CW regime for surgery. The CW diode laser at 650-980
nm wavelength range is also used for surgery, as well as for photodynamic therapy
due to the photochemical reaction. However, most of the lasers used in medicine
are operated in pulsed mode. Table 1.9 shows the different lasers tipically used in
medicine, their laser wavelength, pulse energy and pulse duration, tissue interaction
and medical application.
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Pulsed λ (nm) Pulse Pulse Tissue Medical field
laser energy (J) duration (ms) interaction
CO2 10600 1 0.5 cutting dermatology
40 50 drilling TMLR
Er:YAG 2940 2 0.5 ablation hard tissue,
dermatology [114]
Er:YSSG 2790 1-12×10−3 0.25 - 5 ablation dermatology [114]
Ho:YAG 2100 0.5 - 3 0.5 cutting cartilage
Nd:YAG 1440 0.5 - 3 0.5 cutting cartilage
Nd:YAG 1064 5 - 10×10−3 7×10−6 optical
breakdown ophthalmology
1 1 dermatology
Diode 800 0.5 J 5 - 30 coagulation dermatology
TABLE 1.9. Typical pulsed lasers used in medicine taken from [115]. TLMR: transmyocardial
laser revascularization.
Another important application of lasers in medicine is the detection of scattered
and transmitted photons and lasers are consequently used for optical tomography
or diaphanoscopy. Lasers emitting in the near infrared can penetrate thicker tissue
layers and transmit laser light via flexible and thin light guides bringing the light
source into the interior of the body. Improved infrared cameras will deliver high-
resolution images. This will allow for intraoperative differentiation between cystic
and solid structures during endoscopic procedures.
This work will address near infrared (NIR) and short-wavelength infrared (SWIR)
lasers. The NIR region covers from about 750 nm to 1400 nm and the SWIR region
covers from 1400 nm to 5000 nm 1. The most commonly used laser sources that work
in this range include diode lasers (670-900 nm) and solid-state lasers such as Nd:YAG
(1064 nm), Nd:YLF (1053 nm), Ho:YAG (2100 nm) and Er:YAG (2940 nm).
A great disadvantage of these types of lasers is danger to the eye because the eye
focuses the rays of wavelengths in the 400 - 1400 nm range from a point source to a
small spot on the retina, while the rays from an extended source will be imaged, in
general, over a much larger area. Therefore, much attention has been paid to the pos-
sibility of developing laser systems at longer or eye-safe wavelengths. Consequently,
this work establishes the first studies on lasers with a wavelength around 2 µm with
applications in dermatology and ophthalmology.
1.8.1 Lasers in dermatology and ophthalmology
To find applications for a laser, certain parameters such as wavelength, spot size and
average power, have to be taken into account, or in the case of pulse mode, pulse
duration and fluency (density of energy), are added to the CW regime. All of these
parameters characterize the interaction between light and tissue, which have been
extensively studied and compiled in many texts books and handbooks such as [113,
115, 116, 117].
1According to the International Comission on Illumination (CIE)
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26 CHAPTER 1. INTRODUCTION
The wavelength determines the depth of penetration into the tissue. Figure 1.14,
shows the well defined wavelength of each particular laser system. As incoming
radiation is absorbed, it penetrates the tissue to a lesser extent. For example, for skin,
maximum absorption is at 3 µm and penetration is only few micrometers, while at
∼ 2 µm penetration is 100 times greater [113]. In tissues with a large amount of blood
where hemoglobin is present, radiation with a wavelength of around 500 nm is well
absorbed.
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FIGURE 1.14. Absorption of water and hemoglobin at different wavelengths. Data taken from
the web site of the Oregon Medical Laser Center.
Intensity and pulse duration (or exposure time) define the type of tissue interac-
tion. If the exposure time is > 1 s then the laser is operated in CW mode. The higher
the intensity, the lower the pulse duration. These two parameters define the fluency
that in medical applications can vary in the range of 1 J/cm2 to 1000 J/cm2. The
spot size defines the area to be treated. Therefore, the parameter responsible for the
variety of interaction mechanisms is exposure time and wavelength determines the
degree of penetration into the tissue.
Many laser applications in dermatology might be considered cosmetic treatments,
including wrinkle reductions, the evening out of skin color and texture, the reduction
of pores size and hair removal. The skin is composed of three layers; the epidermis,
which range from a thickness of 0.05 mm on the eyelids to 1.5 mm thick on the palms
and the soles of the feet; the dermis, which is 0.3 mm thick on the eyelid and 3.0
mm on the back, and the subcutaneous tissue, which comprises a fatty layer and
connective tissue. The cells responsible for the generation of new skin are in the
epidermis, constantly replacing dead cells on the surface. The dermis is composed of
collagen, elastic tissue, reticular fibers, and hair follicles. Therefore, in choosing the
wavelength for a laser either of these two layers can be treated for cosmetic purposes.
One advantage of using infrared lasers in medicine is that water is the primary
absorber producing only thermal effects, while in the UV and visible region the main
absorbers are proteins such as hemoglobin (figure 1.14) and melanine, which can
give rise to increase side effects and sometimes irreversible damages. However, in
the treatment of some specific cases such as vascular lesions or pigmented lesions,
the use of UV lasers is common.
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Application Therapy Lasers
Dermatology benign skin tumors dermis CO2, Ar+, Nd:YAG
diode
malignant tumors palliative CO2, Nd:YAG
metastases palliative CO2, Nd:YAG
keloids, hypertrophic scars dermis CO2, Ar+, FDL
tattoo removal dermis ruby, alexandrite
Nd:YAG
skin resurfacing epidermis CO2, Er:YAG, Er:YSSG
hair removal dermis ruby, alexandrite, diode
wound healing dermis CO2
Ophthalmology photorefractive keratotomy cornea ArF excimer
laser -in situ- keratomileus cornea ArF excimer
laser thermokeratoplasty cornea Ho:YAG, diode
laser cyclophotocoagulation retina Nd:YAG, diode
laser trabeculoplasty glaucoma Ar+
laser sclerostomy glaucoma Ho:YAG, Er:YAG
photocoagulation of retina retina Ar+, Kr+
laser capsulotomy lens glaucoma Nd:YAG
laser iridotomy iris glaucoma Ar+ (Dark irises)
Nd:YAG (Bright irises)
TABLE 1.10. Laser applications in dermatology and ophthalmology [113, 115] (FDL: fibered
diode laser)
In ophthalmology, lasers are used today for either diagnostic or therapeutic pur-
poses. Confocal laser microscopy is an example of a diagnostic tool. In therapeu-
tic treatments, lasers are used for retina detachment, the treatment of glaucoma and
cataracts, and refractive corneal surgery, to cite just a few examples. Table 1.10 sum-
marizes the application of different lasers in dermatology and ophthalmology.
1.9 Aims of this work
This work aims to provide an overview of the main characteristics of potassium
lutetium double tungstate with regard to the laser applications and compared to
other commonly used laser hosts. Four main characteristics are of particular impor-
tance:
• The absorption σa and emission σe cross-sections are high for selected polar-
izations. The absorption cross section at the pump wavelength is higher than
that of garnets, fluorides, vanadates and sesquioxides for Tm at around 800 nm,
which ensures efficient pump absorption. These crystals also exhibit the high-
est emission cross section at the laser wavelength (1.9 µm) for efficient laser
operation.
• Its long upper level lifetime is very favorable for pulsed operation with a pulse
duration of nanoseconds.
• The relative large ion-to-ion separation yields a high concentration of active
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28 CHAPTER 1. INTRODUCTION
ions without significant fluorescence quenching (or undesired depopulation of
the upper laser level). In fact, the fluorescence lifetime of Tm-doped double
tungstates decreases when the ion concentration is increased, but this is com-
pensated by the quantum efficiency provided by cross relaxation mechanisms.
This allows its thickness to be reduced by increasing the doping concentration.
• The optical absorption of water exhibits a local maximum of around 1.9 µm,
meaning that it can be used in medical applications.
Considering all these characteristics, this work focuses on the study of a laser
emission at around 2 µm of Tm3+ as an active ion and KLu(WO4)2 as a host, in
continuous-wave and passive Q-switching regimes, both single-doped and co-doped
with Yb, and using bulk and thin-disk designs. The following steps were followed to
achieve this and are reflected in the structure of this manuscript.
First, the active medium will be obtained and prepared and, the laser emission
characterized. Due to the spectroscopic properties of anisotropic KLu(WO4)2 and
previous laser experiments on this material, naturally polarized radiation parallel to
Nm and medium power levels (a few Watts) are expected. Therefore, work can be
done with different crystal cut orientations, in such a way that the beam propagates
along the Ng or Np principal optical directions. In terms of output power, this could
be limited by the thermo-mechanical properties. In order to compensate for these
limitations, a new geometry is feasible thanks to the high absorption and emission
cross sections and relatively large Lu-Lu ion distance in KLu(WO4)2, which allow
for better cooling and, consequently, reduced thermal effects. This new thin-disk
geometry is widely used on the development of high power lasers. Moreover, this
thin-disk or active layer can be obtained by epitaxial growth instead of bulk crystals,
thereby reducing the need for cut and polish processes.
Generation at 1.9 µm from Tm using a sensitizer ion will also be studied. Due to
the close ionic radius of Tm, Yb and Lu and the effective energy transfer from Yb to
Tm, the laser radiation at 1.9 µm from Tm via Yb pumped at 980 nm is planned.
The phononic activity of KLu(WO4)2 encourages the study of the laser emission at
frequencies that do not correspond to purely electronic transitions due to the strong
electron-phonon coupling. This is also reflected on the broad tuning range of nearly
200 nm already demonstrated in previous works.
Previous studies have also demonstrated the energy storage capacities of Tm:KLu(WO4)2.
Thanks to the sufficiently long lifetime of the 3F4 energy level together with the use of
a suitable intracavity saturable absorber, large pulse energies, high peak powers and
nanoseconds pulse durations are expected by means of passive Q-switching tech-
nique.
Finally, the eye-safe 1.9 µm and the local maximum of water absorption at this
wavelength open up new possibilities for the application of the Tm:KLu(WO4)2 laser
in medicine. Some tissues contain more water than others. The skin and eyes, for ex-
ample, readily absorb this radiation due to their high water content which makes the
Tm:KLu(WO4)2 laser suitable for use in treating certain skin lesions or eye diseases
while reducing collateral effects.
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This chapter is devoted to the description of the experimental techniques used in this
work. It covers from the laser material obtention till the laser generation in CW and
pulsed regimes in Tm:KLuW, passing through the characterization techniques of both
the laser material and laser emission.
First, a description of Top-Seeded Solution Growth Slow Cooling (TSSG-SC) and
liquid Phase Epitaxy (LPE) techniques is made for the obtention of bulk and epitaxial
layers, respectively. With the control of crystallographic orientation and doping, the
basic crystalline structural and morphological, the optical, thermal and spectroscopic
characterizations are presented, as well as its preparation in terms of oriented cut,
polishing and optical coating for laser purposes. Concerning the laser generation,
the cavity design is detailed for each experiment either in CW or in pulsed regimes.
2.1 Crystal growth of active media
The crystal growth of undoped KLuW, doped with Tm and codoped with (Tm, Yb)
ions has been carried out at the FiCMA laboratories as well as the epitaxial com-
posites. The FiCMA group has developed and improved the technology to grow
monoclinic double tungstates (KREW, RE=Gd, Y, Lu, Yb) with dopant ions as Tm,
Er, Yb, Ho, etc [40, 118, 119, 120, 75]. The growth conditions for bulk crystals are
those already optimized according to previous studies reported in [121, 40, 44, 45].
The optimal conditions for epitaxial growth of Tm:KLuW onto KLuW substrates
(Tm:KLuW/KLuW) can be found in [110, 122, 123].
2.1.1 Top-Seeded Solution Growth method
The bulk crystals for the laser experiments were grown by using the top-seeded So-
lution Growth Slow Cooling method, TSSG-SC hereafter. This method is one of the
29
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30 CHAPTER 2. EXPERIMENTAL TECHNIQUES
High Temperature Solution (HTS) technique to obtain single crystals. This method
is used when the crystals melt incongruently or when there is a phase transition be-
fore melting [50]. This is the case for the monoclinic double tungstates, of interest in
this work, where the monoclinic phase occurs at 1312 K that crystallizes below the
tetragonal phase (1326 K). The main advantage of this method is that the obtention of
the crystal habit is possible, making easy to determine the orientation of the crystals.
To grow KLuW crystals, the constituents of the material to crystallize (Lu2O3, WO3,
K2CO3, Tm2O3 and/or Yb2O3) are dissolved in a suitable solvent (K2W2O7) at pro-
portion 12/88 (solute / solvent) molar ratio and weighting around 200 g (or 300 g for
bigger crystals). This molar ratio reduces the growth temperature to 1150 K and the
changes in temperature lead to small changes in the supersaturation [50]. The super-
saturation is achieved when the solute is dissolved in the solvent at high temperature
and the crystallization occurs by slow cooling of the supersaturated solution.
FIGURE 2.1. Scheme of the furnace used to grow the crystals by TSSG-SC.
A scheme of the setup for crystal growth is shown in figure 2.1. The solution is
placed in a region of the furnace with a thermal gradient around 0.2 K/mm, in a
cylindrical platinum crucible of 25 cm3. The furnace is heated through a resistance
of Kanthal wrapped around a tubular ceramic of 6.1 cm in diameter and 40 cm long.
The temperature is measured using a thermocouple which is fixed to the furnace and
connected to a temperature controller Eurotherm 903P. To know the real temperature
inside the furnace and in the solution, an S-type thermocouple Pt/Pt-Rh 10% is used.
With this, the thermal profile of both the furnace and the solution is measured so
that the crucible is placed at the right position of the furnace to ensure an optimum
thermal gradient for crystal growth.
The axial and radial temperature gradients in the solution were 0.2 K/mm with
the bottom and walls hotter, and the saturation temperatures were in the 1166− 1178
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CHAPTER 2. EXPERIMENTAL TECHNIQUES 31
K range. The crystals grew from a nucleation center consisting in a sharp KLuW seed
oriented along b crystallographic direction and rotating in the center of the solution
to improve the mass and heat transfer. This is the coldest point of the solution. The
orientation of the seed along b crystallographic axis, is the most suitable to grow bet-
ter quality crystals as demonstrated in previous works [124]. The seed was attached
to a long alumina rod that is finally rotating with an engine at 40 – 45 rpm. The ro-
tating seed is also used to determine the saturation temperature Ts before the growth
process. This temperature is determined by placing the seed in contact with the sur-
face of the solution at a temperature above Ts (> 5oC) for some time (∼ 30 min). Due
to the viscosity of the solution, the seed is pulled out up to 150 µm before the drop
of solution falls down and a meniscus is formed between the seed and the solution.
With the help of a micrometer comparator (13 in figure 2.1), it is easy to determine if
the seed grew or dissolved and Ts is that one which neither dissolution nor growing
of the seed occurs for a sufficient long period of time.
After Ts is determined, the crystallization takes place when the temperature is
decreased at 0.1 K/h up to 20 K below Ts. At these conditions, the crystals needed
around 8 days of growth, after that they were slowly removed (1 mm/5 min) from
the solution and then cooled to room temperature at 25 K/h to prevent cracks from
thermal shock. Inclusion-free crystals of around 7 g and average dimensions of 10
mm × 6 mm × 15 mm along the a∗ × b× c crystallographic directions, respectively,
were obtained with average growth rate around 0.02 g/h. Figure 2.2 shows an ex-
ample of 3%Tm:KLuW and an undoped KLuW crystals grown in the present work.
Note the high crystal quality and the well defined faces.
a) b)
FIGURE 2.2. Bulk crystals grown by means of TSSG.SC. a) Tm:KLuW b) undoped KLuW
2.1.2 Liquid phase epitaxy method
The Liquid Phase Epitaxy (LPE) is a common technique that allows to obtain compos-
ites of similar crystalline structures consisting of a thin layer of crystalline material
deposited onto an oriented substrate with similar composition. High quality epitax-
ial layers of Tm:KLuW grown on KLuW substrates (Tm:KLuW/KLuW) have been
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32 CHAPTER 2. EXPERIMENTAL TECHNIQUES
obtained by this technique for thin-disk laser experiments.
The furnace for epitaxial growth is similar to that of bulk described in figure 2.1
differing in the thermal gradient that must be nearly zero to ensure an homogeneous
deposition of crystalline material onto the area of the substrate. The epitaxial growth
is carried out in three steps: 1) preparation of substrates, 2) determination of the
saturation temperature and 3) crystallization onto the substrate.
1. Preparation of substrates. The substrates of undoped KLuW were obtained by
cutting slides from a KLuW crystal parallel to the (010) face. The KLuW crystals
were grown by TSSG-SC method from a solution weighting 300 g to obtain big
crystals such as the one shown in figure 2.2b). In this way 2 or 3 substrates with
10 × 2 × 20 mm3 in dimension along a∗ × b × c crystallographic directions,
respectively, can be obtained from one crystal. The slices are polished with
alumina powder with 9, 3, 1 and 0.3 µm grain size. One of them is attached
to an alumina rod, and carefully cleaned with a solution of nitric acid/distilled
water in proportion 20/80 for 10 minutes, then it is immersed in distilled water
during 10 min and finally 10 min in acetone.
2. Determination of Ts. Ts is determined in the same way already described for
bulk crystals with the difference that the seed must be extracted from the fur-
nace and the temperature of the solution is increased 1 K from Ts.
3. Crystallization process. The cleaned substrate is slowly introduced into the
furnace at a rate of 2 cm/10 min to prevent damages due to thermal shock.
Then it is held at 1 mm above the surface of the solution during 1 h and rotating
at the same rate as the seed (∼ 40 rpm). After this, it is immersed into the
solution leaving 5 mm of free substrate, that will be useful to make further
measurements such as the thickness of the final layer by comparison, and it is
held at 1 K above Ts during 5 min to remove inhomogeneities by dissolution
of the surface. Finally, the temperature is fixed at the growth temperature that
is 2–5 K below Ts. The thickness of the layers can be varied with the time of
growth from 3 h (50 µm) to 17 h (450 µm), approximately.
2.2 Preparation of the sample for characterization and
laser experiments
The samples were cut at a specific orientation, using a goniometer and a Struers
Accutom-50 diamond saw with disks of 0.12 and 0.25 mm thick, and polished to
make them free of scratches in a Logytech PM5 polisher with an oscillatory arm. As
abrasive substances, alumina powders of 9, 3, 1 and 0.3 µm were used. The quality
of the polishing was measured using parameters such as roughness, flatness (both
measured by the optical imaging profiler) and parallelism between opposite faces of
the sample (measured by a self-collimator). These samples were cut normal to Ng
to take advantage of the spectral properties of Nm polarization that shows very high
and broad absorption of the bands.
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CHAPTER 2. EXPERIMENTAL TECHNIQUES 33
The dimensions of the samples were in the 1 − 3 × 1 − 3 × 1.5 − 3 mm ranges,
along Np×Nm×Ng principal optical directions, respectively, with propagation along
Ng. The faces normal to Ng were coated with antireflection coating at the pump (802
nm or 980 nm) and laser wavelengths (1900-2200 nm). The antireflection coating in
both faces is very important to minimize Fresnel losses due to difference of refractive
indices between the crystal and air. Antireflection coating makes also the alignment
to be less sensitive to the parallelism of the two faces of the crystal.
These samples were wrapped in indium foil and mounted in a copper holder
refrigerated by water at 16–18 oC to avoid an increase of temperature in the crystal
during laser operation that results in thermal gradients. To study the influence of the
thermal management during the laser operation, two kinds of holders were designed,
one cooling 2 faces and the other cooling all the four faces of the crystal. These holders
are shown in figure 2.3
FIGURE 2.3. Oriented cut, polished and AR-coated Tm:KLuW crystals. They are inserted in a
copper holder to be cooled by water along b) two or c) four faces.
The samples for thin-disk experiments were polished similarly to the bulk crys-
tals, the advantage is that is not necessary to cut them with a determined orienta-
tion. The final thickness were estimated from transmission measurements instead of
the imaging profiler because, at this final step, the substrate area was removed and
was not possible to make a comparison at zero height level to measure the epitaxy
thickness. In all epitaxial samples, the face with the active layer was high-reflection
(HR) coated for laser (1800-2000 nm) and pump (802 nm) wavelengths and bonded
to an indium plated copper heat sink with a thermo-conductive epoxy. The heat
sink was cooled with a thermoelectric element to 20oC. The face of the substrate was
anti-reflection (AR) coated for both laser and pump wavelengths. In this design, the
propagation of the beam is along Np. Figure 2.4 shows the six epitaxial samples with
several doping levels and final thicknesses and one mounted sample ready for the
thin-disk experiments. The area of the composites was ∼ 5× 8 mm2 and 2 mm thick.
2.3 Characterization of the active medium
2.3.1 Concentration of the dopant ions
The real concentration of the dopant ions in the crystal and epitaxial layers was deter-
mined by Electron Probe Microanalysis (EPMA). In this technique, an electron beam
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a) b)
FIGURE 2.4. Prepared samples for thin-disk laser experiments. a) Six epitaxies after the pol-
ished process, the numbers correspond to doping and final thickness: 0. (5
at.%Tm, 250 µm), 1. (10 at.%Tm, 160 µm), 2. (10 at.%Tm, 220 µm), 3. (15 at.%Tm,
160 µm), 4. (15 at.%Tm, 250 µm) and 5. (15 at.%Tm, 450 µm). b) The sample
number 0 mounted in a copper holder, bonded to the holder and AR coated.
of 10–30 keV interacts with the sample by ejecting electrons of the inner shell, then the
outer electrons “jump” to this energy shell by emitting characteristic X-rays, which
are detected by the Wave Dispersive X-ray Spectrometers (WDS). The equipment we
used was a Cameca SX-50 Microprobe Analyzer operating in wavelength dispersive
mode at 20 keV accelerating voltage and 20 nA (100 nA for Tm3+) of beam current,
available at the Servei de Recursos Cientı́fico-Tècnics of the University of Barcelona.
These spectrometers consist of different types of crystals, each of them sensitive to
certain kind of X-rays, that diffract the incoming radiation and then these are counted
by the photomultiplier. The analyzed wavelength range is 1–24 Å, therefore, K lines
for elements with atomic number Z between 9-35, L lines for elements with Z < 83
and all M lines, can be quantified. To determine the concentration of Tm3+ ions in the
crystals, the line Lα, the analyzer crystal of Lithium fluoride 200 (LIF) and a standard
KLuW crystal as reference material with concentration of Lu ions Nr, were used.
The ratio of the intensities for each emitted X-rays by the sample, Is, and the ref-
erence Ir is linearly proportional to the ratio of the concentration of the sample and







with f the correction factor.
The distribution coefficient KTm3+ , which compares the concentration of the Tm
3+
ions in the crystal with that in the solution, was calculated by:
KTm3+ =
[moles Tm3+/(moles Tm3+ + moles Lu3+)]crystal
[moles Tm3+/(moles Tm3+ + moles Lu3+)]solution
(2.1)
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CHAPTER 2. EXPERIMENTAL TECHNIQUES 35
If the distribution coefficient is very close to unity, the stoichiometry of the solute
in the solution is conserved in the crystal.
2.3.2 Spectroscopic characterization
The absorption and transmission measurements at room temperature were carried
out with a VARIAN CARY-5E-UV-VIS-NIR 500 Scan spectrophotometer in order to
evaluate the absorption band and to know the absorption wavelength suitable for
pumping. Such a measurement allows further theoretical treatment to calculate the
emission cross section of the Tm ion as well as the gain cross section. Measurements
in transmission mode have been made in the epitaxial layers to control the thickness
after polishing process. A spectral range from 400–2200 nm and optical densities
(O.D) from 0 to 10 can be measured with linear response. This technique compares
the intensity between the incoming (I0) and the transmitted (I) beams of a determined
wavelength according to the Beer-Lambert law
I = I0e−αd
where d is the thickness of the sample and α is the absorption coefficient that
accounts the variation of the intensity of the radiation through the medium. The








Finally, the absorption can be expressed by a quantity that only depends on the
nature of the material, the absorption cross section (σa) that accounts the effective
area of every absorber center σa = αN with N the concentration of the absorbing ions
(previously measured by EPMA).
A quartz halogen lamp is the source for the visible and NIR spectral range. Due
to polarization selective samples, a polarizer is placed just before the sample and the
transmitted beam is detected by a photomultiplier for the visible radiation and a PbS
detector for NIR spectral range.
2.3.3 Optical imaging profiler
The flatness of the polished crystals and the thickness of the grown epilayers were
measured with the optical imaging profiler PLµ2300 of SENSOFAR. This imaging
profiler combines the confocal and interferometric techniques to measure the surface
topography of smooth to very rough surfaces. The sample is scanned vertically in
steps so that every point of the surface passes into the focus. The working wavelength
UNIVERSITAT ROVIRA I VIRGILI 
MONOCLINIC TM:KLU(W04)2: A NEW CRYSTAL FOR EFFICIENT DIODE-PUMPED CONTINUOUS-WAVE AND Q-SWITCHED LASERS 
Martha Yamile Segura Sarmiento 
DL: T.667-2012 
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is 460 nm provided from a LED and the maximum vertical travel length is 30 mm.
A high speed CCD camera registers the image to the computer. These combined
techniques allow to explore surface topographies on a scale from mm to nm. The
spatial sampling can be reduced to 0.1 µm.
2.3.4 Raman spectroscopy
The Raman spectroscopy is used to study the vibrational and rotational modes of a
system as a consequence of the Raman effect. In the spontaneous Raman effect, a laser
beam interacts with the electrons and bonds of a molecule exciting it from the ground
state to a virtual energy state. When the molecule is relaxed, a photon is released and
the molecule returns to a different vibrational or rotational state. The emitted photon
frequency is away from the excitation wavelength. A polarized Ar-laser at 514 nm
was used as incident beam for the Raman spectra to study the vibrational modes of
KLuW.
2.4 Characterization of the laser emission
The laser emission from both the pump source and the resonator must be character-
ized in terms of power, wavelength, spot size and beam quality. For the QS regime
the average power, the pulse duration and repetition rate have to be added to the pre-
vious parameters. The power characterization was made with a conventional broad-
band (190 nm - 20 µm) termopile powermeter and the pulsed characterization was
measured with an InGaAs photodetector of 12.5 GHz bandwidth and less than 35
ps risetime, connected to the oscilloscope with 1 GHz bandwidth. The wavelength
measurement and the beam quality characterization is described below.
The wavelength was determined by the WaveScan laser spectrometer from APE
Instruments. It consists of a grating spectrometer in nearly Littrow configuration, in
which the grating is aligned in such a way that the first-order diffracted beam goes
directly to the fast photodiode detector, with a focal length of 200 mm. The grating
rotates at 6 rounds/s measuring one spectrum every round trip. Depending on the
wavelength range, the photodetector is made of Si, InGaAs or mixed and the accuracy
of the measure is ±0.2 nm.
Parameters describing the laser beam such as the beam size, the beam profile and
the M2 beam quality factor were measured using the knife edge method. For the
pump laser diode a beam profiler (DataRay Inc.) was used while for the laser output
a manual measurement of spot sizes was made because the detectors on the beam
profiler are made of germanium that is sensitive for the 800 - 1800 nm range, but the
2 µm lasers are not covered by this detector, however the method for determining the
spot size and the M2 value are the same in both cases.
The electric field of a Gaussian beam propagating along z direction can be ex-
pressed in the way [125]:
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where r is the radial distance from the center axis of the beam, z is the axial dis-
tance from the narrowest point of the beam (the “waist”), ε0 is the electric field am-
plitude at the waist, k is the wavenumber, Φ is a phase term, R(z) is the radius of
curvature of the wavefront of the beam and w(z) is the spot size or the effective beam
radius. The functions w(z) and R(z) are determined at any cross section perpendicu-
lar to the z axis. The first two terms of equation (2.2) describe the variation of the field
amplitude (E0(r, z)), longitudinally and transversally, and the last two terms describe
the phases, longitudinally and transversally.
As can be seen in the second term of (2.2), the variation of the field transverse to
the beam is similar to the statistical Gaussian distribution, for this reason, this trans-
verse mode is called Gaussian and represents the simplest and most fundamental
transverse mode, TEM00, that can be sustained by the cavity.
At the waist (z = 0), the amplitude of the field is ε0. Away from the waist, the
amplitude of the field at r = w(z) decreases according to 1/e2 of its value at r = 0.
The electric field distribution at the waist and at cross-sections ahead and past the
waist are shown in figure 2.5.
FIGURE 2.5. Parameters of a Gaussian beam.











the Rayleigh range is the distance where the beam increases the spot size
√
2w0
times. With this in mind, it is possible to characterize a Gaussian beam knowing
the spot size at the waist w0, the location z and the wavelength. This is easily done
by taking a series of knife edge measurements of the spot size as a function of the
distance z. The setup simply consists of a knife cutting the beam as it passes through
and should be placed horizontally and vertically to measure the spots in the x and
y directions. The knife should be located in a precision stage and the powermeter is
placed after the knife. The shorthand technique consists of recording the reading on
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the micrometer at 10% and 90% of the total power for several distances before and
after the waist. This distance is X10−90 and is related to the spot size by X10−90 =
1.28wx [126].
By plotting w vs z and fitting according to eq. 2.3, the parameters w0 and zR are
determined.
The M2 parameter compares the divergence of a real laser beam with that of an
ideal beam. Let us consider a Gaussian laser beam propagating from a source, the








for an ideal Gaussian beam, the product of the waist and the divergence is w0θ =
λ
π while for a real laser beam w0θ =
λ
π M
2. Finally, with zR from eq.2.3, the Rayleigh





where zR and w0 were determined for the real laser beam by the knife edge tech-
nique.
2.5 Cavity design
The laser experiments, for CW and QS regimes of bulk crystals, were performed us-
ing two similar resonators: one linear with two mirrors and the other was an L-shape
using one more plane mirror as bending mirror.
1. Lineal hemispherical cavity. The setup for laser experiments is shown in fi-
gure 2.6. A 200 µm core diameter (NA=0.22) fiber-coupled AlGaAs laser diode
emitting in the 805–807 nm range (or InGaAs laser diode emitting in the 974–
976 nm) and delivering 25 W (or 45 W) of maximum power were used as pump
source 1. The pump beam was focused onto the crystal with a spot size of 220
µm through a special lens assembly with an imaging ratio 1:1. The two mirror
cavity consisted of a flat input mirror (M1) with AR coating for the 770–1050
nm range and HR coating for the 1800–2075 nm range, and a concave output
coupler (M2) with transmissions (Toc) of 1.5%, 3%, 5%, 9% or 15% for 1820–2050
nm range and radii of curvature (Roc) of 25, 50 and 75 mm to vary the mode
matching of the pump and Tm-laser. The active element was placed very close
to the input mirror at a distance of ∼ 1 mm. The same cavity was used for QS
experiments with the difference in the insertion of a saturable absorber (SA)
very close to the crystal (Figure 2.6).
1The maximum power of the 805–807 nm laser diode, was decreased to 20 W after some experiments
that finally prevails as the maximum incident power in the remaining experiments.
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FIGURE 2.6. Linear hemispherical resonator for CW or QS regimes.
2. L-shaped hemispherical cavity. In order to deflect the laser beam at 90o and
transmitting the residual pumping at 0o not to damage the intracavity saturable
absorber for QS experiments, a 45o plane bending mirror (M2) was used with
the following coatings: ARs,p (45◦, 790-820 nm) and HRs (45◦, 1700-2280 nm) +
HRp (45◦, 1790-2120 nm). The L-shaped hemispherical cavity is shown in fig.
2.7 b) with the SA placed in the second arm.
FIGURE 2.7. L-shape hemispherical resonator for QS regime.
For thin-disk laser experiments, the pump source was an AlGaAs diode laser
emitting at 805 nm with 20 W of maximum power and nearly circular pump spot
onto the sample. For two-pass pumping, a linear cavity was used with the epitaxy
surface coated as an end mirror and an output coupler M3 with radius of curvature
Roc = 40 mm and transmission (Toc) of 2.8% in the 1800-2000 nm range.
The resonator is shown in figure 2.8. The M1 plane mirror reflects the incident
beam to the lens L1 with 50 mm focal length and AR coated for the pump wavelength.
The lens focuses the pump onto the composite with 780 µm spot diameter. The angle
between the incident beam and the normal to the crystal was estimated around 30o.
A second mirror M2 was inserted to measure the incident power onto the sample
with the powermeter in position A, but in laser operation it was removed.
The residual pump power was measured during laser operation with the pow-
ermeter in position B, in such a way the absorbed power is the difference between
the incident and the residual pump powers. The power of the laser was measured
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FIGURE 2.8. Scheme of the resonator for thin-disk experiments.
with the powermeter in position C. For the four-pass pumping, a curved mirror was
inserted in position B enhancing the absorption of the incident. power.
UNIVERSITAT ROVIRA I VIRGILI 
MONOCLINIC TM:KLU(W04)2: A NEW CRYSTAL FOR EFFICIENT DIODE-PUMPED CONTINUOUS-WAVE AND Q-SWITCHED LASERS 
Martha Yamile Segura Sarmiento 
DL: T.667-2012 






This chapter deals with the experimental results on the laser generation in Tm:KLuW
using the slab and thin-disk geometries. Concerning the slab geometry, the sin-
gle doped Tm:KLuW bulk crystal pumped around 802 nm, and codoped with Yb
pumped at 980 nm are studied. First, the laser results of the single doped Tm are
shown, next such results are compared to the codoped (Tm,Yb):KLuW and finally,
the thin-disk laser based on a composite of epitaxial active layer and undoped sub-
strate as anti-ASE cap is presented.
The experiments in CW regime were carried out in FiCMA-FiCNA laboratories
as well as in the Max-Born Institute for Non-linear optics and Ultrafast Spectroscopy
laboratories in Berlin, Germany. The epitaxies were grown in FiCMA-FiCNA labora-
tories while the preparation of the epitaxies and the thin-disk laser experiments were
carried out in the Institute of Laser Physics in Novosibirsk, Russia.
In order to give an idea of the temperature dependence of the physical properties
of KLuW host, the thermal gradient profiles of the bulk crystals and epitaxial layers
due to the pump intensity, were calculated using LASCAD software taking into ac-
count the spectroscopic, optical and thermal properties already described in chapter
1.
In single doped Tm:KLuW, an interesting phenomenon of polarization switching
mainly due to the thermal management was characterized. In the case of (Tm,Yb):
KLuW samples, longer laser wavelengths compared to the longest value obtained by
electronic transitions, have been observed and explained. And finally, in thin-disk
design, the evolution of the laser spectra with the thickness of the active epilayer is
also explained.
41
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42 CHAPTER 3. CONTINUOUS-WAVE LASER OPERATION
3.1 Tm:KLu(WO4)2 laser pumped at 802 nm
3.1.1 Determination of the inversion and laser wavelength
Several crystals with 3 at.%Tm:KLuW were grown with good optical quality. The
EPMA measurements reveal an ion concentration of 1.93×1020 at/cm3 and the sto-
ichiometric formula is KLu0.9704Tm0.0296(WO4)2 for the crystal used in the present
experiments. With this in mind, the laser wavelength can be predicted by means of
eq. 1.9.
The laser wavelength selected by the cavity depends on the losses. These are due
to the transmission of the output mirror Toc and those intrinsic or passive losses due
to diffraction, scattering and absorption. If the crystal is properly cooled in such a
way that the reabsorption losses are low, the passive losses can be estimated by the
Findlay-Clay method [56], considering the Tm:KLuW laser as quasi-three level laser.
Under these assumptions, the gain of a laser at threshold equals the losses in the
cavity, this is
2g0l = − ln R + δ (3.1)
Where the losses introduced by the output coupler are accounted by (− ln R) with
R = 1− Toc, the reflectivity. Measuring the laser thresholds at several output mirrors
in CW regime, both the losses δ and the small-signal gain 2g0l are determined by
means of the lineal fitting of −(ln R) vs. Pth. The intercept with the abscissa is δ and





where ηexc is the excitation efficiency, Ap is the area of the pump beam, Is is the
saturation intensity and Pp is the incident power at threshold.
Using mirrors with Toc =1.5, 3, 5, 9 and 15%, the losses in the cavity for one
crystal with 3 at.%Tm, were estimated to be 8%. Figure 3.1a) shows the experimental
values of threshold for different Toc. In this way, the determination of the inversion
parameter β and the laser wavelength can be deduced by applying eq. 1.9 using the
data of absorption and emission cross sections of figure 1.9 for the naturally polarized
Nm beam. The figure 3.1b) shows the inversion parameter for wavelengths in the 1800
- 2000 nm range, assuming Toc = 1.5, 3 and 5%, and 3 mm thickness.
3.1.2 Laser generation around 2 µm from single doped Tm:KLuW
The laser emission around 2 µm pumping at 802 nm was successfully achieved in
[51] where also a detailed characterization of the active medium was made. In such
a work the maximum output power of 4 W at 1950 nm with a slope efficiency of 38%
(69% with respect to the absorbed power) was achieved pumping with diode at 800
nm, 120 µm spot diameter, and cooling the crystal with circulating water at 12◦C. In
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FIGURE 3.1. a) Losses estimated by applying the Findlay-Clay method. b) Inversion parameter
and laser wavelength deduced applying the eq. 1.9 l = 3 mm.
order to scale the power preventing damage of the crystal, a pump spot diameter of
∼220 µm was used, and the temperature of the water was increased to ∼ 17◦C. In
this way, the thermal gradient is reduced making possible a further increasing of the
power with less risk of cracking the crystal.
The crystal dimensions were 1× 3× 3 along Np × Nm × Ng and Ng-cut. The crys-
tal was placed in the two-faces holder of figure 2.3a), cooling the crystal along Np
direction.
With this in mind, the maximum output power was 4.8 W as can be seen in fi-
gure 3.2a) at 24 W of pump power. The thermal gradient at the maximum incident
power (figure 3.2b)) is also shown, simulated with LASCAD [127] taking into account
the parameters already described in chapter 1 and compiled in Appendix A. For the
thermal gradient, only half of the crystal (0.5 mm along Np) is shown. The cooling
temperature was fixed at 290 K having a maximum temperature in the center of 312.3
K. The calculated spot size radius of the laser in the crystal at the entrance of the
pump beam is 91.6 µm along Nm and 77.9 µm along Np, while at the output end it
increases to 92.9 µm (Nm) and 81.4 µm (Np).
Concerning the output power, there are two regions for which the polarization
of the laser emission is changing. The first is located below 8 W of incident power,
Nm-polarized and emitting at 1946 nm, 7 nm shifted with respect to the predicted in
figure 3.1b). The second is Np-polarized emitting around 1922 nm for incident powers
greater than 13 W. In the 8–13 W range, both polarizations for the laser emission are
possible. The output power for Nm polarization, decreases while the Np polarization
increases. At 11.3 W incident power, the output of the beam polarized parallel to Nm
and Np is around 1 W for each polarization. This means that there exists an incident
power value where both polarizations have the same output and the beam can be
seen as unpolarized. The evolution of the laser emission spectra is shown in figure 3
of paper I.
According to the gain curves in figure 1.9c) and d), the cavity naturally selects Nm
polarization due to the higher gain at∼1946 nm. However, the inversion parameter β
and the reabsorption losses change with temperature, making possible the oscillation
parallel to Np polarization. As can be seen in figures 1.9c) and 1.9d), such gain cross
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FIGURE 3.2. a) Output power with respect to the incident power in 3Tm:KLuW laser. The
subindices m and p denote the polarization of the beam parallel to Nm or Np, re-
spectively. b) Thermal gradient simulated by LASCAD software at 24 W incident
power.
sections have very similar values at the two different wavelengths: 1946 nm for Nm
and 1910 nm for Np.
Such polarization switching effect has also been observed in the uniaxial Yb-
doped vanadates [128, 129, 130] and the biaxial Yb-doped calcium oxyborates [131].
This anisotropic behavior of double tungstates can also be exploited such that the
laser gains of two perpendicular polarizations have different spectral properties as in
the work of A. Brenier [132] where a tunable dual-wavelength laser based in Yb:KGW
was demonstrated oscillating at 1033–1046 nm range along Np polarization and at
1020–1032 nm range polarized in the Nm − Ng principal plane.
To analyze the dependence of this polarization switching with the intracavity
power and mode matching, in paper I, the laser emission was characterized using
several transmission output mirrors, and using 3 different radius of curvature: 25,
50 and 75 mm. Moreover, to analyze some influence of thermal loading, the crystal
was placed in two types of holders as in figures 2.3a) and 2.3b) depending if two or
four faces of the crystal are cooled. Figures 2a)–c) of paper I show this dependence
cooling two faces of the crystal while figure 2d) in paper I shows the output power
cooling the four faces of the crystal and using Roc = 25 mm with Toc = 1.5, 3 and 5%.
An important feature is that the coexistence region (where both polarizations oscil-
late simultaneously), is shifted to higher pump powers with low Roc. This is related
to the mode matching since the spot size diameter is smaller for Roc = 25 mm. The
calculated spot sizes according to the thermal gradient simulated in figure 3.2b) at 24
W incident power are shown in table 3.1. The table 3.1 shows the difference of the
horizontal spot (wm) to the vertical spot (wp). The smaller difference corresponds to
Roc = 25 mm, showing that the best mode matching is obtained with this curved
mirror as experimentally observed.
Making the same calculation with LASCAD but assuming the four faces cooling,
the spot sizes resulted in the same values as in the case of two faces cooling, meaning
that is stronger the influence of the mode matching instead of the improved thermal
cooling in the elimination of the polarization switching. Experimentally, the polar-
ization switching was eliminated using Roc = 25 mm as in figure 2d) in paper I, but
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Roc wm (µm) wp (µm) ∆w (µm)
25 68.8 65.9 2.9
50 82.6 74.0 8.6
75 91.6 78.0 13.6
TABLE 3.1. Calculated spot size radii according to the thermal gradient in figure 3.2b). (wm,p:
spot size for horizontal, ‖ Nm, and vertical, ‖ Np, directions).
Roc Pinc (W) Tmax (K) wm (µm) wp (µm) ∆w (µm)
25 20 308.4 68.8 66.3 2.6
50 10 299 82.5 78.1 4.5
75 5 299 91.6 87.2 4.3
TABLE 3.2. Calculated spot size radii at the incident powers where the polarization switching
starts for every Roc and four faces cooling.
it may appear by increasing the incident power. However, a further increase of the
pump power was not possible because the maximum available power by the pump
source decreased to 20 W.
The spot size of the laser in the crystal at the beginning of the coexistence region
for every Roc is shown in table 3.2. The differences between the wm and wp are also
shown in each case. Contrary to the differences shown in table 3.1, the differences
are similar for Roc = 50 and 75 mm explaining the polarization switching at those
incident powers, while for Roc = 25 mm this value is still low for 20 W of incident
power. In any case, polarization switching appears at 18 W in two faces cooling.
An alternative analysis of polarization switching was made in paper I, related to
the change in the gain cross section with temperature. The gain was calculated from
the experimental absorption spectra at room temperature and the emission cross sec-
tion calculated at several temperatures with the reciprocity method (eq. 1.6). Figure
4 of paper I shows a slightly difference between the gain cross section for E ‖ Np
and table 2 in paper I shows the gain cross sections and the inversion parameters at
several temperatures.
This polarization switching effect could be useful in polarimetry with the 1.9 µm
laser beam in the coexistence region where the two polarizations have the same out-
put power, as incident beams directly on the target without any optical element
(waveplates or polarizers) to change the polarization state and detecting the polar-
ization of the output beam.
3.2 Laser performance of Ng-cut and Np-cut Tm:KLuW
crystals
The switching between the Nm and Np polarization states is due to the crystal cut
along Ng. The gain for both polarizations have similar values making possible the
oscillation for E ‖ Nm or E ‖ Np. The latter is possible at high incident powers.
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46 CHAPTER 3. CONTINUOUS-WAVE LASER OPERATION
Using an Np-cut crystal, it is expected that the polarization of the beam should be
only E ‖ Nm for all pump power levels because the gain for Ng is very low. paper II
is devoted to this analysis.
The uncoated crystals were cut from the same single crystal with 3 mm thickness
and 2× 2 mm2 aperture, cooled with the four faces contact holder (figure 2.3). The
concentration measured by EPMA was N = 2.15× 1020 at/cm3 and the stoichiomet-
ric formula resulted in KLu0.967Tm0.033 (WO4)2. The expected emission wavelengths
are similar to those corresponding to 3 at.% Tm in figure 3.1 for the Np-cut crystal
(only oscillation parallel to Nm), however it was found that the emission wavelength,
though polarized parallel to Nm, changed and coexisted taking the 1922 nm and 1948
nm values depending on the output coupler used (Toc = 9%). For Toc = 3% the wave-
length remained constant centered at 1948 nm and the wavelength for Toc = 15% was
1922 nm. The power characteristics for the Toc used and the evolution of the laser
spectra are shown in figure 2a) and 2b), respectively, in paper II. The starting wave-
length using Toc = 9% was 1948 nm near threshold (0.774 W absorbed power) and
the emission at 1922 nm appeared at 1.3 W absorbed pump power. Both wavelengths
finally oscillated simultaneously.
The laser performance of a similar crystal but Ng-cut is also shown in figure 3
of paper II. As in the previous section, the polarization switching is present but the
threshold power for the E ‖ Np changed with the output transmission used. It is
worth to note that these crystals were uncoated having small-signal absorption val-
ues of 60% and 70% for Np-cut and Ng-cut samples, respectively.
An alternative analysis to the simple estimation of inversion parameter using the
equation 1.9, is the calculation of the threshold power for each wavelength. In the
model proposed by Risk [79], the absorbed power threshold for laser systems ex-




P)(δ + Toc + 2Nlσa(λ))
4τηQ(σa(λ) + σe(λ))
(3.3)
where the reabsorption losses are taken into account as extra-losses in the cavity
and these are expressed by 2Nlσa(λ). νP is the pump laser frequency, wL and wP are
the laser and pump spot radii in the crystal, δ are the passive losses due to absorption,
scattering and diffraction, N the ion concentration, l the thickness of the crystal (3
mm), τ the upper level lifetime (1.34 ms from [51]), σa(λ) and σe(λ) are the absorption
and emission cross sections and ηQ is the quantum efficiency calculated according to
eq. 1.5 and table 1.3.
In order to match the experimental thresholds, first the eq. 3.3 was calculated
adjusting values of δ to find the oscillating wavelength, then the independent term
was adjusted to find the value of the absorbed power for the threshold
The losses in the cavity for the E ‖ Nm resulted in 2%. However, for the second
wavelength for Toc = 9%, the losses increased to 10%. For the E ‖ Np, the losses were
quite low, 0.8%, but the independent coefficient is high. For both conditions the first
wavelength is still oscillating.
This colasing effect in Tm:KLuW laser could serve as a dual-wavelength laser
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Ng-cut, E ‖ Nm Ng-cut, E ‖ Np Np-cut, E ‖ Nm
Pabs,th 0.592 W Toc = 3% 7.89 W Toc = 3% 0.528 W Toc = 3%
0.749 W Toc = 5% 6.79 W Toc = 5% 0.774 W Toc = 9% (1948 nm)
0.866 W Toc = 9% 5.43 W Toc = 9% 1.3 W Toc = 9% (1922.6 nm)
TABLE 3.3. Thresholds obtained from the linear fitting of the power characteristic curves for
the Ng-cut and Np-cut crystals
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FIGURE 3.3. Calculation of the pump threshold using the eq. 3.3 with the parameters in table
3.3
source for atmospheric sensing applications, especially for differential absorption li-
dar (DIAL) measurements where one wavelength is resonant to the absorption band
of the molecule of interest and the other is the reference wavelength accounting the
background [133]. In similar way, these sources can also be useful for medical treat-
ments such as in [134]. A review of the applications of dual-wavelength lasers is
found in [135].
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3.3 (Tm,Yb):KLuW laser pumped at 980 nm
3.3.1 Measurement of the dopant concentration
The similar ionic radius of Tm (0.994 Å), Yb (0.985 Å) and Lu (0.977 Å) ions [136],
allows to grow high concentration of sensitizer Yb and active Tm ions, occupying the
C2 local site symmetry of Lu. Neither significant distortion of the unit cell nor sig-
nificant fluorescence quenching of the laser energy level has been observed in these
crystals. Up to 20 at.% Tm:KLuW was possible to grow with small changes in the
unit cell parameters [43], as well as up to 60 at.% Yb:KLuW that was compared to
the stoichiometric KYbW (or 100 at.% Yb) [42]. Moreover, the crystal growth and the
spectroscopic characterization of Tm:KYb(WO4)2 has been reported in [118]. These
previous experiments, set the basis of growing highly doped (Tm,Yb):KLuW single
crystals. In this sense, two sets of crystals with 2.5 at.%Yb and 5 at.%Yb, each of them
with varied Tm doping levels of 2.5, 4, 6, and 8 at.% have been grown. The EPMA
measurements for these crystals are compiled in table 3.4
% sol. % sol. KYb KTm NYb NTm Stoichiometric formula
Yb Tm (1020 cm−3)
2.5 2.5 1.03 1.09 1.67 1.78 KLu0.947Tm0.027Yb0.026(WO4)2
2.5 4 0.89 1.04 1.45 2.71 KLu0.936Tm0.042Yb0.022(WO4)2
2.5 6 0.69 1.06 1.12 4.13 KLu0.920Tm0.063Yb0.017(WO4)2
2.5 8 0.90 1.10 1.47 5.76 KLu0.889Tm0.088Yb0.023(WO4)2
5 2.5 0.90 1.03 2.93 1.68 KLu0.929Tm0.026Yb0.045(WO4)2
5 4 0.86 1.15 3.00 2.81 KLu0.911Tm0.046Yb0.043(WO4)2
5 6 0.65 1.08 2.13 4.24 KLu0.902Tm0.065Yb0.033(WO4)2
5 8 0.92 1.01 3.00 5.28 KLu0.873Tm0.081Yb0.046(WO4)2
TABLE 3.4. Solution content of Yb and Tm, distribution coefficients (according to eq. 2.1) and
stoichiometric formulas for the (Tm,Yb):KLuW crystals
It is worth to note that the drastic change in the distribution coefficient in Yb
content for samples with 6 at% Tm, is because the same solution for growing the same
series of 2.5 at.% Yb and 5 at.% Yb was used, only with the change in Tm content.
Once it was noticed, the solution was compensated according to the EPMA results
for the 6 at.% Tm to grow the next doping level of 8 at.% Tm.
3.3.2 Energy transfer mechanisms between Yb and Tm ions
The Yb ion is commonly used as sensitizer for the emission of other ions mainly
because: 1) It has only two manifolds, the ground state 2F7/2 and the excited state
2F5/2, so that no other upconversion losses can occur, thus transferring the major
part of the energy to the neighboring ion. Once the ion is excited, it can only decay to
the ground state or transfer the energy to a neighboring ion, if the material is codoped
(in this case Tm), and if the levels are reasonably resonant in energy, and 2) the high
absorption cross section near 980 nm which ensures high absorption efficiency and
also the use of commercial diodes operating at 980 nm. The mechanisms of energy
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FIGURE 3.4. Energy level diagram indicating the energy transfer processes between Yb and
Tm.
The absorption cross section of Yb in KLuW at 981 nm with polarization parallel
to Nm principal optical direction is 11.8×10−20 cm2. The population of 3F4 energy
level of Tm via energy transfer from Yb is achieved by the process T1, after the de-
population of 3H5 level. Because the non-resonant energy levels, the energy transfer
is phonon assisted [137]. It is possible to populate higher energy levels by excited
state absorption (ESA) and energy upconversion (ETU) such as the T2 and T3 pro-
cesses. The CR1 (CR=cross relaxation) takes place after the non-radiative relaxation
of 3F3, and CR2 originates from the relaxation of 1G4.
3.3.3 Determination of the inversion and laser wavelength
According to the Findlay-Clay method exposed in section 3.1.1, the losses for the
(Tm,Yb):KLuW lasers were determined using mirrors with Toc = 1.5, 3, 5 and 9%.
The losses in the cavity for the set of samples with 5 at.%Yb, were estimated to be
4%. The determination of the inversion parameter β and the laser wavelength can be
deduced by applying eq. 1.9 using the data of absorption and emission cross sections
of figure 1.9 for the naturally polarized Nm beam. Figure 3.5 shows the inversion
parameter for wavelengths in the 1850 - 2050 nm range, assuming Toc = 1.5%, and
the crystals thicknesses l = 1.6 mm and 3 mm.
Figures 3.5a) and 3.5b) show a shift to longer wavelengths with higher Tm concen-
tration and slightly longer wavelengths for the crystals with 3 mm thickness. This is
due to the increase of reabsorption losses. The minimum inversion parameter varies
from 0.1 for 8 at.%Tm, to 0.15 for 2.5 at.% Tm in the case of 1.6 mm thick sample,
while β varies from 0.08 for 8 at.% Tm to 0.11 for 2.5 at %Tm in the 3 mm thick sam-
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FIGURE 3.5. Inversion parameter and laser wavelength deduced applying the eq. 1.9 a) For
l = 1.6 mm and b) l = 3 mm thickness.
ple. The inversion parameter is nearly constant varying from ∼ 0.08 to ∼ 0.09 in the
1967− 2000 nm range for 8 at.%Tm, 3 mm thick sample. The gain curve correspond-
ing to this emission is that with β = 0.1 in figure 1.9c).
3.3.4 Output power and wavelength characterization
Following the setup already described in chapter 2 and using the InGaAs diode laser
emitting around 976 nm as pump source, the characterization of the laser emission
in terms of output power and wavelength was studied for the crystals doped with
5 at.% Yb. Hereafter, the notation for x at.% Yb (Tm) is compacted to xYb (Tm).
The laser performance of the (2.5Tm,5Yb):KLuW laser crystal was compared to that
for the isostructural (2.5Tm,5Yb):KYW in Paper III. The laser characterization for the
crystals with higher doping levels of Tm, 2.5Yb and 5Yb doping levels, 1.6 mm and 3
mm thick Ng-cut crystals are shown below.
Set of crystals with 5 at.%Yb and 1.6 mm thickness
Figure 3.6 shows the output characteristics for the 4, 6 and 8Tm and 5Yb. The small-
signal absorption was estimated to be 75% at 980 nm. The curves were taken using
curved mirrors of 25, 50 and 75 mm radius of curvature as output couplers. The out-
put power characterization for the (2.5Tm,5Yb):KLuW corresponds to figure 2a) in
paper III where the laser wavelength resulted at 1954 nm using Toc = 1.5%, a low
efficiency of 4.8% with respect to the absorbed power (3.6% with respect to incident
power) and the maximum output power of 153 mW. The sample with best perfor-
mance in terms of output power and efficiency is (6Tm,5Yb):KLuW. However the
efficiency is low compared to single doped Tm:KLuW [51]. The laser spectra were
composed of several peaks instead of one. The wavelength is specified in every chart
in figure 3.6 as the mean value λ̄ and the dispersion ∆λ. The laser spectra are shifted
to longer values with increasing the Tm doping in similar way that the predicted ones
in figure 3.5a), but experimentally the wavelengths are longer than those predicted in
3.5a), partially due to the high intensity in diode-pumping scheme resulting in ther-
mal loading of the crystal which in turn, produces additional reabsorption losses.
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FIGURE 3.6. Output power vs, absorbed power characterization for a) (4Tm,5Yb):KLuW and
Roc = 25 mm, b) Roc = 50 mm, c) Roc = 75 mm. d) (6Tm,5Yb):KLuW, and
Roc = 25 mm, e) Roc = 50 mm, f) Roc = 75 mm. g) (8Tm,5Yb):KLuW, and
Roc = 25 mm, h) Roc = 50 mm, i) Roc = 75 mm
The calculations in figure 3.5 were derived from the absorption and emission cross
sections at room temperature and it was not taken into account a further increasing
in temperature due to the pump power in lasing conditions.
With (8Tm,5Yb):KLuW, the laser wavelength using the Toc = 1.5% is around 2000
nm. Such a value is not typical for Tm:KLuW since the longest possible wavelength
from electronic transitions is 1948 nm. This means that the laser emission is phonon
terminated, commonly known as vibronic transitions [138]. The broader spectra re-
sulted from (6Tm,5Yb):KLuW and (8Tm,5Yb):KLuW using the output mirror with
Roc = 25 mm and Toc = 1.5%. The first is related to the laser spot size in the crys-
tal and the second with high intracavity power. Both produce high intensity in the
crystal and reabsorption losses are becoming important. Moreover, due to the non-
resonant energy levels of Yb and Tm, the phononic activity is high compared to the
single doped and the cross relaxation processes (CR1 and CR2) are not efficiently pop-
ulating the 3F4 level of Tm, as a result, longer wavelengths are achieved due to strong
electron-phonon coupling. The evolution of the spectra with the absorbed power for
(4Tm,5Yb):KLuW crystal is shown in 3.7a)
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FIGURE 3.7. Evolution of the laser spectra at several absorbed power levels for the
(4Tm,5Yb):KLuW crystal and a) 1.6 mm thick, b) 3mm thick, using Roc = 50 mm
and Toc = 1.5%.
Set of crystals with 5 at.%Yb and 3 mm thick
In order to understand the shifting to longer wavelengths due to the strong electron-
phonon coupling, the characterization of the laser emission was made with samples
3 mm thick, that is, increasing the optical path instead of the doping level. The results
are shown in figure 3.8. The estimated small-signal absorption is 75 %. With longer
optical path, the phononic activity increases and the laser wavelengths are shifted
to longer values compared to those in figure 3.6. The data were taken with increas-
ing the incident power. The cavity length was L < Roc and the output power was
saturated ∼ 100 mW. After this value, the cavity length was adjusted in such a way
that the output power reached another maximum value ∼ 150 mW being L > Roc.
The incident power was increased until the output power was ∼ 200 mW and the
data were taken from this value decreasing the incident power. Under these condi-
tions, the thresholds decreasing the incident power were higher than those achieved
increasing the incident power. This effect is due to thermal lensing, the crystal acts
as a lens with differences in its refractive indices due to the temperature gradient, as
a consequence, the cavity length should be longer in order to compensate the focal
length of the thermal lens.
The laser spectra were shifted to longer (shorter) wavelengths when the incident
power increased (decreased). In this way, the wavelength (λ̄±∆λ) in figure 3.8 com-
prises the values of λ for all power levels. An example of the evolution of the spectra
with the absorbed power is shown in figure 3.7b) for L > Roc condition.
Concerning the polarization of the output beam, it was Nm polarized near to thres-
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FIGURE 3.8. Output power characterization for 3 mm thickness crystals a) (4Tm,5Yb):KLuW
and Roc = 25 mm, b) Roc = 50 mm. c) (6Tm,5Yb):KLuW, and Roc = 25 mm, d)
Roc = 50 mm.
hold, while at maximum powers, in the L < Roc condition, the output beam was un-
polarized. However, after achieving the condition for L > Roc the output beam was
again Nm polarized.
As it was mentioned before, the longer wavelengths resulted from electron-phonon
coupling, so that the “virtual” terminal laser levels are created due to the phononic
activity from the lattice and the resulted laser emission is known as vibronic laser.
This effect is common in the transition-metal ions and it is exploited for broadly tun-
able laser sources [139]. Contrary, laser emission from the rare earth-ions originates
from the 4 f n → 4 f n transitions that are shielded from the crystal field by the 5s and
5p electrons. However, some weak interaction between ions and crystal field can be
expected as is the case of Tm [59].
3.3.5 Vibronic laser
In order to explain such longer wavelengths coming from the electron-phonon cou-
pling, in paper IV a detailed analysis of the coupling between the Stark levels of the
Tm ion (table 1.2) and the vibrational frequencies of KLuW (figures 1.12) was made.
For the laser emission in (6Tm,5Yb):KLuW and 3 mm thick sample this is shown in
figure 2 of paper IV.
Some vibronic lasers have been reported in fluorides [17, 67] in free running op-
eration, or with tuning filters such as in garnets [65] and vanadates [18] where the
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FIGURE 3.9. Energy levels corresponding to the (6Tm,5Yb):KLuW laser.
tuning range is beyond the longest possible wavelength by electronic transitions.
Table 3.5 gathers the reported vibronic lasers and their minimum energy difference
between the upper ground state and lower excited state for Tm in each host.
Tm host Wavelength or ∆Emin λmax
tuning range (µm) (cm−1) (µm)
YAG 1.87–2.16 [65] 5556− 730 [64] 2.072
YAlO 1.94–2.04 [65] 5622− 628 [64] 2.002
BaYF 1.849–2.059 [17] 5681− 568 [140] 1.956
LGF 1.990–2.018 [67] 5605− 409∗ [64] 1.925
LLF 1.935–2.038 [67] 5605− 409∗ [64] 1.925
YVO 1.841–1.927 [18] 5550− 332 [19] 1.916
GdVO 1.82–1.97 [18] 5548− 340 [19] 1.920
KLuW 1.999–2.039 (paper IV) 5663− 530 [43] 1.948
TABLE 3.5. Reported vibronic lasers compared to the longest possible wavelength due to elec-
tronic transitions. (∗ Stark levels for the isostructural YLF was taken, where Lu
or Gd ions occupy the C2 symmetry site of Y ion, resulting in a slightly broader
splitting due to the larger ionic radii of Lu and Gd compared to that of Y.)
The vibration frequencies of (6Tm,5Yb):KLuW were measured by Raman spec-
troscopy (figure 3, paper IV) and these coincide with those for undoped KLuW. The
longest value of 2039 nm corresponds to an energy difference of 4904 cm−1. If the
lowest excited level is 5663 cm−1 then the maximum energy of the ground state
should be 759 cm−1. However, one of the highest Stark level of the ground state is
522 cm−1 (see table 1.2). This implies that the coupling phonon should have a value
of 759− 522 cm−1 matching with the vibration of 237 cm−1 (236 cm−1 in figure 1.12).
Applying this simple analysis, the phonons coupled to the sublevels of the ground
state of Tm resulting in the wavelengths of the spectra shown in figure 2 of paper IV,
are compiled in table 2 of paper IV, and the energy level scheme is shown in figure
3.9 (same as figure 4, paper IV).
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For the virtual energy level scheme, the Stark levels with energy 513, 522 and 530
cm−1 and the coupling phonons with energy 147, 175, 218 and 236 cm−1 were taken
into account. The first two phonons correspond to the coupling of the vibrations
between the out-of-plane mode of the double oxygen bridge and translational mode
of the K+ ion, and the last two are associated to the translational modes of Lu3+
ions (Tm3+ and Yb3+ in the same site) and K+ ions, respectively. There is an energy
gap in figure 3.9 which corresponds to the range of wavelengths between 2017 and
2028 nm. This range can be associated with transitions from the upper Stark energy
level of 3F4 with 5711 cm−1, and the terminal laser levels are 758 and 766 cm−1 to
generate the wavelengths at 2019 and 2022 nm. The energy level with 5711 cm−1
is getting more populated as the temperature increases, according to the Boltzmann
distribution. Thus, there is a probability of 18% to be populated at room temperature
(see figure 1.3).
The shifting of the laser wavelength with pump power can be explained as fol-
lows. The phonons, generated in the energy transfer processes from Yb to Tm ions,
are transferred to the host depending on the vibrational frequencies, resulting in a
rise of temperature in the crystal together with increasing reabsorption effect which
takes place from the virtual laser levels.
The vibronic operation at long wavelengths was achieved pumping at 975 nm.
Pumping at 802 nm, the emission spectrum exhibited a well defined peak centered
at 1960 nm while the polarization was again along Nm. The different spectral char-
acteristics indicate that the Yb sensitization plays an important role in the vibronic
emission.
3.4 Thin-disk Tm:KLuW laser
As it was mentioned in chapter 1, the high absorption cross section of Tm in KLuW
allows the possibility to reduce the thickness of the active medium increasing the Tm
concentration without significant fluorescence quenching at the laser wavelength. It
also allows to reduce the pump passes from 8 or 24 to 2 or 4 making a more compact
resonator as is the case of Yb:KLuW/KLuW [141]. The main advantage of the thin-
disk design is the axial heat flow, ensured with both a high pump spot radius to
thickness ratio and the heat extraction by one side of the active medium. To ensure
even more the axial heat flow, it is useful to pump the active medium with a beam
with top-hat profile. However, it is required an additional optical element at the
output of the optical fiber of the pump laser.
In order to reduce the thickness of the active medium, instead of using polishing
techniques to obtain a thin layer from a bulk crystal, the laser materials were obtained
by epitaxially growth of doped layers onto undoped substrates by means of Liquid
Phase Epitaxy (chapter 2). With this technique, high optical quality of active layers
with thicknesses in the 100–500 µm range, and easy handling thanks to the substrate
can be obtained. One more advantage is that the undoped substrate, that can be ∼2
mm thick, serves as anti-ASE cap (ASE: amplified spontaneous emission) preventing
the trapping of spontaneous emission inside the active layer [108].
To reduce the mechanical stress due to the high intensity of pump and laser
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beams, the matching between the unit cell parameters of the doped and undoped
layers must be low. This lattice mismatch between the doped layer and the substrate
for the {010} faces was investigated for several samples with 3, 5, 7.5, 10 and 20 at.%
Tm in [110] ranging from 0.0689 (∼ 7%) for the lower doping to 0.1984 (∼ 20%) for
the highest doping. In paper V, a complete characterization in terms of structural
and physical properties of epilayers with 15 at.% Tm was made. Table 1 of paper V
shows the growth conditions, the compositions and the morphologies of the epilay-
ers obtained, and in table 2 of paper V the unit cell parameters for the Tm:KLuW sin-
gle crystals and the lattice mismatch between the Tm:KLuW epilayer and the KLuW
substrate are compiled, which resulted in 0.1346 (∼ 13.5%) for {010} face.
For the laser experiments, a set of six epitaxies were chosen with doping levels of
5 at.%, 10 at.% and 15 at.% of Tm and thicknesses around 160, 250 and 450 µm. paper
V explores the thin-disk laser operation of 3 epilayers with 15 at.%Tm in Quasi-CW
(QCW) regime, while paper VI deals with the laser operation in CW regime using the
5 at.% Tm sample.
3.4.1 Thin-disk laser operation of 5, 10 and 15 at.%Tm:KLuW/KLuW
in Quasi-Continuous Wave regime
To obtain thicker epitaxies, the growth time was studied with an epitaxial sample of 5
at.%Tm:KLu(WO4)2/KLu(WO4)2. The resulted thickness versus time dependence is
shown in figure 6 of paper V. The final thickness of the set of 6 epitaxies was around
160 µm (10 and 15 at.%Tm), 250 µm (5, 10 and 15 at.%Tm) and 450 µm (15 at.%Tm)
with < 4 µm variation over the entire face, estimated by transmittance as shown in
figure 8 of paper V. The growth time was 5, 17 and 24 hours, respectively.
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FIGURE 3.10. QCW output power for thin-disk laser vs. absorbed pump power for 2 pump
passes. a) 15 at.%Tm, b) 5 and 10 at.%Tm
Following the setup presented in figure 2.8, the output power in QCW regime us-
ing pulses with 18% duty cycle (the duration of the pulses was 9 ms and the period
49.8 ms) is shown in figure 3.10a) compared to the results for 5 and 10 at.%Tm in fig-
ure 3.10b). The laser spot radius calculated with LASCAD is 109.7 µm at 5 W incident
power in QCW regime and the maximum temperature is 302 K. The characteristics
of the laser emission for every sample in QCW regime are compiled in table 1 of pa-
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per VI. The slope efficiencies range from 38% for 10 at.%Tm 160 µm, to 47% obtained
with 5 at.%Tm and 250 µm sample, and thresholds increase with Tm doping.
The evolution of the emission spectra is shown in figure 3.11. In such spectra the
spectrum corresponding to the thinner sample with 80 µm and 15 at.%Tm studied in
[112] is also included. The output beam is naturally polarized parallel to Nm but, as in
the previous section, two oscillating wavelengths are present for the three first sam-
ples with low N × l (concentration × thickness) product. The following two sample
emissions are centered around 1917 nm and 1920 nm with 10 nm spectral width. The
emission of the sample with 15 at.%Tm and 250 µm is broader centered at 1930 and 25
nm width. Finally, the 15 at.%Tm sample 450 µm is emitting around 1945 nm and 10
nm width. According to the gain curves in figure 1.9c), it is possible to have an inver-
sion population such that there coexist two wavelengths for the emission polarized
parallel to Nm.
1 8 0 0 1 8 5 0 1 9 0 0 1 9 5 0 2 0 0 0
1 8 0 0 1 8 5 0 1 9 0 0 1 9 5 0 2 0 0 0
1 0 %  T m
1 6 0  µm
5 %  T m ,  
2 5 0  µm
1 0 %  T m
2 2 0  µm
1 5 %  T m
2 5 0  µm
1 5 %  T m
1 6 0  µm
1 5 %  T m
4 5 0  µm
W a v e l e n g t h  ( n m )
1 5 %  T m
8 0  µm
FIGURE 3.11. Spectra for all the epitaxial samples in thin-disk laser design
The inversion parameter β is shown in figure 3.12a) and b) for the seven samples
(included that one with 15 at.%Tm, 80 µm thick). The transmission of the output
coupler was 2.8% around 1917 nm and 4.5% around 1850 nm as shown in figure 3 of
paper VI, and the passive losses were taken to be 5%.
As can be seen, the single wavelength emission for 15 at.%Tm, 450 µm sample,
is explained with the βmin at 1952 nm in figure 3.12a) 7 nm longer than that exper-
imentally observed. The plateau shown in figure 3.12a) in the case of 15 at.%, 250
UNIVERSITAT ROVIRA I VIRGILI 
MONOCLINIC TM:KLU(W04)2: A NEW CRYSTAL FOR EFFICIENT DIODE-PUMPED CONTINUOUS-WAVE AND Q-SWITCHED LASERS 
Martha Yamile Segura Sarmiento 
DL: T.667-2012 
   
  
 
58 CHAPTER 3. CONTINUOUS-WAVE LASER OPERATION
     	    	    
    










	                    
     µ   λ 	   
   
 
    µ   λ 	  
    	       
 	    µ   λ 	  	    	      














  !            










            µ   λ   
          
             µ   λ   
          
             µ   λ         














              
FIGURE 3.12. inversion parameter for the epitaxial samples for thin-disk laser. a) 15 at.%Tm,
b) 5 and 10 at.%Tm
µm sample, explains the broader spectra and the emission centered around 1920 nm
and 1950 nm. It is worth to note that unlike the 1950 nm emission comes from an
electronic transition, the emission at 1920 nm comes from a vibronic transition where
the coupling phonons are those with energy 87 cm−1 (one of the three Raman active
lines) and 113 cm−1, and the Stark levels are 359, 346 and 329 cm−1 resulting in a
broad emission from 1912 nm to 1926 nm with peaks separated every 2-3 nm (see
values in table 3.6).
Following the analysis in figure 3.12a), there is also a plateau for the calculation
of 160 µm thickness sample between 1918 and 1943 nm, though slightly lower in-
version population at 1918 nm. It should be expected the broader spectra for this
sample, nonetheless, this small difference with the experiment stands from the pre-
cise measurement of thickness as well as a better estimation of the passive losses for
all samples. In any case, the evolution of the emission spectra can be explained with
these inversion population curves. Finally, the βmin for 80 µm resulted at 1846 nm
and a second minimum located at 1916 nm explaining the oscillation of these two
wavelengths. In this case, the emission at 1846 nm results from the electronic tran-
sition between the Stark sublevels with 5663 cm−1 (upper laser level) and 247 cm−1.
In table 3.6 the electronic and vibronic transitions involved in the observed emission
wavelengths are specified taking the sublevel with 5663 cm−1 as the upper laser level.
The inversion parameter corresponding to 5 and 10Tm is shown in figure 3.12b).
For 10Tm, 220 µm sample, there are two minima at 1918 and 1943 nm, however only
oscillation around 1917 nm was detected. Finally, the corresponding curves for 5 and
10Tm agree well with the experimental wavelengths.
3.4.2 Thin-disk CW laser operation of 5 at.%Tm:KLuW/KLuW
Having observed the behavior of the 6 epitaxies in QCW regime, it is interesting to
scale the power using the sample that showed the best slope efficiency. This is the
5Tm:KLuW/KLuW with 47% slope efficiency. One more advantage in using this
sample is the low doping level ensuring low thermal problems. The output charac-
teristics are shown in figure 3.13, as well as in figure 4 of paper VI.
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e− 3H6 ph ∆E λ
(cm−1) (cm−1) (cm−1) nm
359 87 5217 1916.8
346 87 5230 1912.0
359 113 5191 1926.4
346 113 5204 1921.6








TABLE 3.6. Vibronic and electronic transitions taking place in the oscillation around 1850, 1920
and 1946 nm for the thin-disk Tm:KLuW laser


















I n c i d e n t  p u m p  p o w e r  ( W )
P a b s =  0 . 6 6  P i n c
Equation y = a + b*x
Weight No Weighting





Pout Intercept -0.51267 0.11625Slope 0.3131 0.0086
*F r a c t u r e
FIGURE 3.13. Output power characteristics for 5 at.%Tm:KLuW epitaxy in thin-disk laser con-
figuration. The inset photographs were taken while lasing at 6 W and after frac-
ture at 24 W incident power. Blue color is due to upconversion processes while
red color after fracture is due to scattered light from pumping.
The spectra corresponding to this sample are shown in figure 3.11 and were taken
at maximum power (5.9 W output). The slope efficiency resulted in 31% and 47%
with respect to the absorbed power, the same value as in the QCW regime (figure
3.10b)). Compared to the laser operation in end-pumped configuration in figure 3.2,
the heat management in thin-disk design allowed the increase of the output power
from 4.8 W (two-faces holder and Ng-cut) to 5.9 W.
Compared to the previous experiment with 15 at.%Tm:KLuW/KLuW, 80 µm thick
[112], the slope efficiency achieved here is∼ 4 times higher and the maximum output
power is 10 times higher. Compared to the isostructural 15 at.%Tm:KYW thin-disk
[105], where the disks were obtained from bulk crystals instead of epitaxial layers,
with 200, 250 and 300 µm thickness, the slope efficiency is higher (25% in that case)
using the same output coupler. The maximum output power for 15 at.%Tm:KYW
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was 5 W with the 300 µm sample. This improvement is mainly due to the closer ionic
radius between Tm and Lu ions in the Tm:KLuW crystal, assuming the same thermal
management.
Due to the epitaxial growth on the (010) face, the propagation of the beam is the
same as the Np-cut sample discussed in section 3.2 where the simultaneous oscillation
at 1920 nm and 1946 nm parallel to Nm polarization was possible with 3 mm thick
sample. In thin-disk design, the two oscillating wavelengths shifted to 1855 nm and
1917 nm due to the reduced thickness. The wider separation of 62 nm (instead of 26
nm in bulk sample) and the high power achieved, allow the application of this laser
in DIAL measurements as well as in medicine diagnostics and treatments.
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The previous chapter was focused on the study of the laser operation in Tm:KLuW
crystal in CW regime. In the present chapter, the pulsed operation in the crystal with
single doped Tm and codoped with Yb is examined in Q-Switching regime. The first
part is devoted to the pulse formation and the description of the ideal characteris-
tics for an intracavity saturable absorber. The second part deals with the analysis of
the passive Q-Switching experiments in Tm:KLu(WO4)2 laser using Cr2+:ZnSe and
Cr2+:ZnS as saturable absorbers, as well as the experimental results of the passively
Q-switched Tm,Yb:KLu(WO4)2 laser.
The experiments were carried out in collaboration with the Max-Born Institute for
Non-linear optics and Ultrafast Spectroscopy.
4.1 Pulse formation and saturable absorption
The passive Q-Switching (PQS) is a low cost and very reliable technique to obtain
high energy and short pulse durations (∼ 10 ns). To generate such pulses, the Q-
factor is altered by inserting a saturable absorber (SA) which acts as a shutter between
the high-Q and low-Q states. This means that the SA initially introduces losses in the
cavity (low-Q), preventing the laser oscillation and the population inversion increases
due to pumping. When the population inversion achieves a relatively large value
(high-Q) in such a way that the gain greatly exceeds the loss and a laser pulse is
released. Because the pulses are generated depending on the initial transmission
of the SA, the repetition rate and consequently the pulse energy cannot be freely
adjusted but only with changing the pump power [1, 142].
The time sequence for resonator loss, population inversion and photon flux is
shown in figure 4.1. After the cavity loss induced by the SA decreases to zero, the
61
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FIGURE 4.1. Temporal evolution of a Q-Switched laser pulse. Behavior of the cavity loss, in-
version density and photon flux with time
photon number increases exponentially accompanied with the inversion population
Ni depletion. The photon number decreases again after the inversion has reached the
threshold inversion Nth [142].
The saturable absorption process is similar to that in three-level lasers (figure 1.1).
A good choice for a SA rely on both high ground state absorption (with low excited
state absorption) at the laser wavelength and long enough upper state lifetime to en-
able considerable depletion to the ground state by the laser radiation. Initially, the
absorber will look opaque to the laser until the photon flux is large enough to depop-
ulate the ground level. When the upper state is sufficiently populated the absorber
becomes transparent to the laser radiation (absorption is saturated) [56].
Table 1.7 compiles the SA’s used for PQS at 2-µm. Among them, the Cr2+:ZnS
and Cr2+:ZnSe crystals have been established as ideal passive Q-switchers for solid
state lasers operating in the 1.5 - 2.1 µm spectral range. The ground state absorption
cross section is of 10−19 order and the excited state absorption is close to zero around
1.9 µm, and the lifetime of the upper level is 5 µs for Cr:ZnS and 8 µs for Cr:ZnSe 1.
1Data compiled at http://www.ipgphotonics.com/Co2_ZnS.htm.
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4.1.1 Q-switching theory
It is important to know the parameters characterizing the Q-Switching laser opera-
tion such as pulse energy, pulse duration and peak power after the solution of the rate
equations. Here is followed an alternative method to the solution of the rate equa-
tions proposed by Degnan [143]. It consists of an analytical solution of these coupled
equations using the Lagrange multipliers. The photon density φ and the population












where σe is the stimulated emission cross section, l is the length of the laser medium,
c is the speed of light, tr = 2L/c is the round trip time in the laser resonator of length
L and γ is the inversion reduction factor defined as [56]:
γ = 1 +
g2
g1
Three level lasers (4.3)
γ = 1 Four level lasers (4.4)
with g2 and g1 the degeneration of the upper and lower laser levels, respectively.











where R = 1− Toc is the reflectivity of the output coupler and δ are the passive
losses of the cavity.
By introducing the intensity I = φhνc/(AL), where A is the cross sectional area












The integration of 4.6 from Ni to N(t) gives the intensity and the energy that can















where Ni and N f are related by the transcendental equation
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More simple expressions can be obtained using the Lagrange multiplier method,
that can be easily related with experimental determination of losses and gain in the
cavity. With this method the Q-switching parameters such as pulse energy, pulse
width and peak power, as well as the output coupler reflectivity, can be expressed in
terms of a variable z = 2g0l/δ with g0 the small-signal gain coefficient. In this way,


















































where Ropt is the optimum reflectivity, Emax is the maximum pulse energy, Pmax is
the maximum peak power and ∆tp is the pulse duration. Figure 4.2 shows the curves
corresponding to the calculations from eqs. 4.9. As can be seen, low losses imply
larger values in z, in this way, for δ = 0.01 the Ropt is close to 1, and the maximum
Eout, Pout and optimum pulse width are achieved at small values of z when δ = 0.01.
4.2 Passive Q-switching of Tm:KLuW laser in linear cav-
ity
In order to study the PQS operation of Tm:KLuW laser, two types of SAs were stud-
ied: Cr2+:ZnSe crystals and Cr2+:ZnS polycrystalline samples. Both were placed in
the linear cavity as depicted in figure 2.6a) and were moved along the cavity axis in
order to achieve the best performance. The parameters characterizing the PQS oper-
ation regime are shown below.
4.2.1 Cr2+:ZnSe as saturable absorber
As a first step, a plate of Cr2+:ZnSe (Cr:ZnSe), 0.89 mm thickness and initial trans-
mission T0 = 75% at 1910 nm (fig. 1b in [144]), was used for passive Q-Switching
in the simple hemispherical configuration (fig. 2.6) placing the SA very close to the
active medium and using Toc = 10% and Roc = 50 mm. The cavity length resulted to
be 42 mm long for optimum operation. The results are shown in figures 4.3a)–d).
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FIGURE 4.2. Calculated curves according to eq. 4.9 assuming λL = 1920 nm, σe = 1.36× 10−20
cm2 and A = πw2L, with wL = 90µm. The curves are shown for several values of
the passive losses: δ = 0.01, 0.03, 0.07 and 0.09
Concerning the power in figure 4.3a), the maximum average output power is 105
mW at Pinc = 9.5 W. The efficiency is as low as 2.3%, 10 times lower than that in CW
regime, also shown in the figure. Compared to the CW regime, the conversion effi-
ciency from CW to PQS regime at Pinc = 9.5 W is 5%. The wavelength was centered
at 1850 nm and the emission was Nm polarized. Similar to figure 3.2, the laser in CW
regime is working just below the coexisting region of Nm and Np polarizations.
The pulse energy increases with the incident power. It was calculated by simple
dividing the average output power into the pulse repetition rate. The maximum
pulse energy was 16 µJ, 4 times larger than that obtained in the isostructural KYW
[31]. The repetition rate was changing from 0.84 kHz (Pinc = 5 W) to 6.5 kHz (Pinc =
9.6 W) and the pulse duration slightly decreased from 7.3 to 4.7 ns. Concerning the
pulse duration, it was difficult to determine an accurate measurement at the FWHM
of the pulse as shown in figure 4.3d) due to the response of the photodiode. This
fast photodiode was specified with risetime < 100 ps, nonetheless the falltime of
the pulse in the figure 4.3d) is longer that the risetime of the pulse resulting in an
asymmetrical pulse shape. Because of this, the pulse duration was estimated taking
into account only the risetime multiplied by 2.
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FIGURE 4.3. Passive Q-Switching results using Cr:ZnSe as SA very close to the active medium,
Toc = 10% and Roc = 50 mm
4.2.2 Cr2+:ZnS as saturable absorber
The parameters characterizing the output beam in QS regime using the polycrys-
talline Cr2+:ZnS SA are shown in figure 4.4a) and b) using 2 transmissions of the
output coupler, Toc = 20% and 5% and Roc = 75 mm resulting in cavity lengths of
L ∼ 70 mm in all cases. In figure 4.4a), the operation using three SAs differing in the
initial transmission T0 = 78%, 85% and 92% is also shown, and the slope efficiencies
resulted in 6.5%, 5.1% and 5.2%, respectively. Unlike the PQS with Cr:ZnSe, the SA
was placed close to the output mirror instead to the crystal. However in order to
optimize both the pulse train and the average output power, the SA was moved to-
wards the crystal finding the best position and maximizing the fluency onto the SA.
This fluency is directly related to the laser beam size, in this way, the calculated spot
size radius in the crystal is ∼ 90 µm (see table 3.2) while the spot size radius was 500
µm near to the output mirror. Due to the high intracavity energy, with Toc = 5% the
SA was placed close to the output mirror in contrast to the Toc = 20% where the SA
was placed at ∼ 23 mm from the output mirror.
A saturation of the average output power was observed with Toc = 20% at 8 W
incident power while for Toc = 5% and T0 = 85% the average power still increased
linearly with incident power up to Pinc =12 W. This is related to the fluency onto the
SA absorber that, for Toc = 20% and Toc = 5%, are 0.090 J/cm2 and 0.046 J/cm2,
respectively. Table 4.1 compiles the calculated values of fluency corresponding to
each case.
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FIGURE 4.4. Passive Q-Switching parameters characterizing PQS regime using Cr:ZnS as SA
in the linear cavity using Roc = 75 mm. a) Toc = 20% and T0 =78%, 85% and 92%.
b) Toc = 5% and T0 = 85%.
T0 = 85% Toc = 20% Toc = 5%
Position of SA LSA mm 50 70
spot size (µm) 330 500
Pinc (W) 8 12
Pout (W) 0.261 0.198
Rep. rate (kHz) 3.4 10.9
Eout (µJ) 76.8 18.1
Eintra (µJ) 307.2 362.0
Fluency (J/cm2) 0.090 0.046
TABLE 4.1. Estimated fluencies for the combination of Toc = 20% and 5% with T0 = 85%
corresponding to the maximum average powers in figure 4.4
Concerning the CW operation with Toc = 20%, the output power at 7 W incident
power resulted in 1 W output power, this means that the conversion efficiencies from
CW to QS regime for T0 = 78%, 85% and 92% were 37%, 27% and 28%, respectively.
In the case of Toc = 5% and T0 = 85%, at Pinc = 12.3 W the average output power
was 200 mW and the conversion efficiency was as low as 8.4%. Consequently, better
performance was achieved with Toc = 20% mainly due to the low intracavity energy.
In fact, with both output transmissions some sparks onto the SA were observed, and
local damages occurred in the SA while using Toc = 5%. The stability in the pulse
train was also improved with the SA near to the active medium being always a com-
promise between stability and damage of the SA.
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Regarding the pulse energy, it decreases from 148 µJ to 75 µJ for T0 =78% and
85% SAs, while for T0 = 92% the pulse energy is nearly constant having a value
around 50 µJ. For such energy values, the curves in figure 4.2b) predict an increasing
in the pulse energy. Taking into account the Findlay-Clay method to determine the
small-signal gain and losses in a resonator given by eqs. 3.1 and 3.2, this small-signal
gain is expected to increase with incident power if the variation of the passive losses
are considerably low. For such experimental pulse energy values, the z parameter in
figure 4.2b) is in the 2.5− 8 range.
The pulse width was estimated in the same way than that in figure 4.3d). These
estimations agree well with the calculated pulse width values in figure 4.2c). When
the z parameter is in the 2.5− 8 range, the pulse widths are in the 6− 50 ns range.
The resulting peak powers with these pulse width estimations are shown in figure
4.5. Up to 6.5 kW peak power could be estimated with such pulse durations. For
T0 = 78% and 85% the peak power decreases with the incident power while for
T0 = 92% it increases slowly and saturates near to 2 kW. According to the curves
shown in figure 4.2d), an increment of the peak power with the small-signal gain is
expected. The parameter z is also in the 2.5− 8 range.










T o c = 2 0 %
 T 0 = 9 2 %
 T 0 = 8 5 %









I n c i d e n t  p o w e r  ( W )
FIGURE 4.5. Peak power values resulting from the estimations of the pulse durations for the
PQS regime with Toc = 20%.
The observed saturation in energy and peak power, as well as the poor stability
of the pulse train, followed by the damage of the SA is a consequence of the resid-
ual pump power. Around 30% of the non-absorbed pump power from the crystal
reached the SA. To overcome this, a bending mirror was used to separate the laser
beam from the non-absorbed pump beam. This is described in the following section.
4.3 Passive Q-switching of Tm:KLuW laser in L-shaped
cavity
Using the setup depicted in figure 2.7, where the SA is placed on the second arm of the
L-shaped cavity, the residual pump power is transmitted across the bending mirror
an do not reach the SA. A picture of the L-shaped cavity is shown in figure 4.6. The
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FIGURE 4.6. Photograph of the cavity setup. The yellowish crystal is the Cr:ZnS SA placed in
the second arm.
SA was glued on a glass allowing the displacement of around 40 mm along the cavity
axis in the second arm. Two input mirrors were used: 1) HR coated for (1800− 2075
nm) spectral range, and 2) HR coated for (1900− 2400 nm) spectral range. Using the
pump mirror with HR@(1800–2075 nm), the PQS with Toc = 20% was unstable, the
intensity of the pulses in the pulse train was not the same, while for Toc = 5% and
10% the characterization of the output was possible as can be seen in figure 4.7a) and
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FIGURE 4.7. Passive Q-Switching characterization using Cr:ZnS as SA in the L-shape cavity
using Roc = 75 mm, T0 = 92% and pump mirror with HR@(1800–2075 nm). a)
Toc = 5% and b) Toc = 10%.
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The threshold is 1.9 W and 2 W for Toc=5% and 10% respectively, and the maxi-
mum average output power was 0.3 W and 0.2 W for the same transmissions. The
pulse energy decreased from 100 µJ to 50 µJ with increasing the incident power in
Toc = 5%, while for Toc = 10% the pulse energy increased slightly from 130 µJ to
145 µJ, remaining nearly constant at this value. The corresponding values for the
z parameter in the calculated pulse energy (fig. 4.2b)) are in the 3.6–8 range. With
further increasing of the incident power, instabilities of the pulse train appeared to-
gether with saturation of the average output power. The repetition rate was faster for
Toc = 10% producing high values of peak energy. The peak power, calculated with
the pulse width, is 1.8 kW for Toc =5% and 4 kW for Toc =10%. The SA was placed
at 2 cm from the OC in the case of Toc = 5% and 4 cm using Toc = 10%. The length of
the cavity was 73 mm in both cases, while in CW the cavity was 74 mm long.
In both cases the oscillation was polarized parallel to Nm but two wavelengths
were measured: 1910 and 1945 nm for Toc = 5%, and 1850 and 1925 for Toc = 10%.
In order to cut the shortest wavelengths, the pump mirror with HR@(1900–2400 nm)
was used and the results are shown in figure 4.8. The oscillating wavelength is 1917
nm polarized parallel to Nm and the threshold is at 2.5 W. As can be seen, no satura-
tion in output power was detected but a small bright point in the SA was observed
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FIGURE 4.8. Characterization of Tm:KLuW laser in PQS regime using the L-shape cavity and
HR@(1900–2400 nm) pump mirror.
Concerning the pulse shape, another detector was used consisting of a InGaAs
photodiode with < 35 ps risetime and measured with a LeCroy oscilloscope with 1
GHz bandwidth. Using the pump mirror with HR@(1800− 2075 nm), two oscillating
wavelengths were detected. In figure 4.9a) a small peak on the left of the main one
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(main at 1925 nm) was detected and corresponds to the 1850 nm wavelength. Using
the pump mirror with HR@(1900− 2400 nm), the 1850 nm signal vanished and the
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FIGURE 4.9. Evolution of the single pulse duration with incident power using Toc = 10% and
T0 = 92%. a) Pump mirror with HR@(1800− 2075 nm) and b) pump mirror with
HR@(1900− 2400 nm)
A more detailed analysis using the other SA with T0 = 78% and 85% was made
in paper VII. Figure 2 of paper VII shows the average output power using the 10%
transmission and all the available absorbers compared to the CW regime. The best
efficiency of 16.9% was found using the T0 = 92% giving a conversion efficiency of
59%. The performance of the laser in PQS regime using the Toc = 10% is compared to
that with Toc = 5% in figure 3 of paper VII, where only the PQS regime was possible
using the T0 = 92%, while figure 4 of paper VII shows the pulse train and the pulse
width at two pump levels.
The repetition rate at maximum power with Toc = 5% was 2 kHz corresponding
to a maximum single pulse energy of 127 µJ and maximum peak power of 4.4 kW. The
maximum energy achieved with Toc = 10% was 145 µJ at a repetition rate of 2.7 kHz,
with peak power of 6 kW. In fact this energy corresponded to saturation at incident
pump powers ∼4 W, with further increase of the average output power only due to
the increasing repetition rate (Fig. 3, paper VII). The quality of the beam, determined
by the knife-edge method, was characterized by a M2x = M2y = 1.2.
In fact, up to 650 mW of average power (figure 3, paper VIII) and 200 µJ in pulse
energy (figure 4 right, paper VIII) were achieved with the actual setup (Toc = 9%),
and the repetition rate ranged from 0.4 kHz to 3 kHz. However after this experiment,
some damages in the crystal and the SA were observed, after this, the following ex-
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periments were carried out with the same crystal but pumping another region. The
pulse train is shown in figure 5a) of paper VIII taken at an incident power near to
threshold. The irregular pulse duration is shown in figure 5b), paper VIII. The irreg-
ular pulse width is consequence of saturation of the photodetector.
To compare with the theoretical curves in figure 4.2, the gain and the resonator
losses were estimated by means of the Findlay-Clay analysis. The thresholds were
determined in CW regime using output couplers with transmissions of 1.5, 3, 5, 9
and 15% and the linear fit resulted in z = 0.204Pinc and δ = 0.09. The comparison is
shown in figure 5 of paper VII.
The performance of the laser in PQS regime was substantially improved in terms
of efficiency, stability of both the output power and pulse train, and the parameters
characterizing the output emission have a closer tendency to the theoretical curves
derived by Degnan.
4.4 Passive Q-switching of (Tm,Yb):KLuW laser
The previous sections were devoted to the analysis of passively Q-switched Tm:KLuW
laser. In this section, the same (Tm,Yb):KLuW samples used for the CW regime in
section 3 were passively Q-switched for the best condition achieved with Tm:KLuW
laser.
For the PQS experiments, a set of 4 crystals with doping levels around 2.5 at.% Yb
and several Tm doping from 2.5 to 8 at.% were used. The real concentration in the
crystals are tabulated in table 3.4.
The crystals were pumped at 976 nm with an InGaAs laser diode, but only in
QCW regime with 50% duty cycle (3 ms pulse duration, 3 ms pulse delay) the PQS
of (Tm,Yb):KLuW was possible instead of the CW pumping. In this way, the samples
were pumped around 802 nm. The experimental results of PQS and the theoretical
analysis are the main line in paper IX. Basically, the same pulse energy of 148 µJ as in
the single doped case has been obtained with (8.8Tm,2.3Yb):KLuW and T0 = 85% and
the best agreement with the theoretical model resulted with the (4.2Tm,2.2Yb):KLuW.
The estimated peak powers are in the 2–5.4 kW range.
Finally, the pulse energies achieved in passive Q-switching regime using Cr:ZnS
polycrystalline samples as SA, are the highest values obtained so far compared to
other 2 µm Tm-based lasers, especially compared to the isostructural Tm:KYW and
(Tm,Yb):KYW [31]. The 148 µJ pulse energy reached in this work, is more than one
order of magnitude than that achieved in Tm:KYW.
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Experiments on biological tissues
In medicine, there is a great interest of new laser sources for surgery and photothe-
rapy less invasive, with less operation time, less recuperation time and reducing de
number of treatments. Moreover for practical purposes, the laser source must be
compact, easy to operate and handle.
Lasers used in medicine have many advantages but also few disadvantages. For
example, the penetration of the radiation from Nd:YAG laser at 1064 nm is often not
suitable for certain applications. Parallely, the CO2 laser, which is one of the most
used lasers in surgery, has the disadvantage of the impossibility of being guided by
optical fibers because it operates at 10.6 µm.
In this frame, the present chapter finds interest on the laser developed in this
work. The Tm:KLuW laser offers two significant advantages compared to the two
most used lasers Nd:YAG and CO2. Firstly, it operates at 1946 nm where the absorp-
tion in water is much higher than that of Nd:YAG but slightly lower than that of
CO2. This offers a new possibility to work with a laser to better treat certain medi-
cal lesions. Secondly, the use of diodes as pump sources is of great value (compared
to CO2 lasers) because of the reduction of economical cost and the reduction of the
physical size of the equipment.
This chapter, deals with preliminary experiments on the use of Tm:KLuW laser
in dermatology and ophthalmology. These experiments were carried out and were
characterized in terms of power and size of the irradiated area. The piece of work
consisted on pig skin and pig eyes.
5.1 Laser-tissue interaction
Depending on whether the energy absorbed by the tissue is converted, the effect on
biologic tissues can be: photochemical, thermal and photodisruptive (that in some
cases is named as ionizing). In such cases, the absorbed energy is converted pro-
73
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74 CHAPTER 5. EXPERIMENTS ON BIOLOGICAL TISSUES
ducing chemical reactions, increasing the tissue temperature or producing shock or
acoustic waves, respectively. The intensity of the incoming radiation goes from low
to produce chemical reactions, to high obtained using very short pulses (from 30 ns
to 20 ps), to produce photodisruptions.
Thermal effects are the most desired for applications in dermatology and ophthal-
mology. The evolution with intensity during a thermal interaction, is starting with a
hyperthermia, where the temperatures are in the 42–50oC range. Some changes in
molecules such as bond destruction and membrane alterations can be observed. If
the hyperthermia lasts for several minutes, part of the tissue will undergo necrosis
[113]. As the temperature increases more that 50oC, the enzymatic action is reduced
resulting in a decreasing of the energy transfer within the cell, immobilizing it. At
60oC the photocoagulation takes place together with the denaturation of the proteins
and collagen leading to necrosis of cells. The temperature needed to coagulate tissues
such as cornea or retina, is around 10oC to 20oC above the body temperature [145].
The next step is vaporization, at 100oC water in the tissue vaporizes, that is finally
the goal for laser-tissue interaction for a surgeon. In this stage, cells surrounding the
tissue absorb part of the energy via thermal diffusion from the irradiated point. Tem-
perature rise in the tissue is proportional to the light absorption by the tissue, which
also depends on the response of its constituents to some particular wavelength (see
figure 1.14). Due to the large vaporization heat of water (2253 kJ/kg), the vapor
generated in the tissue carries out the excess of heat preventing any increase of tem-
perature of adjacent tissue.
When all water in the tissue is vaporized and laser exposure is still continuing,
the temperature in the tissue increases, and carbonization occurs characterized by
the blackening of the tissue and escape of smoke. To prevent the carbonization stage,
usually the tissue is cooled with water or gas.
In this way, the desired damage by laser interaction is that one where localized
vaporization takes place, removing part of tissue without affecting the surroundings.
Therefore, there would exist a combination of intensity, given by the spot size, and
the exposure time to enhance the vaporization with minimum coagulation and car-
bonization of the surroundings.
5.2 Experiments on pig skin
The piece of work consisted on pig skin due to the similarities of this with human
skin. Typical pig skin is composed by three layers: outer epidermis, dermis and the
subdermis as can be seen in figure 5.1. As mentioned in chapter 1, the epidermis is
the surface layer with the cells responsible for new skin; the dermis that consists of
collagen, elastic tissue, and hair follicles; and the subdermis that is a fatty layer and
connective tissue. For aesthetic treatments, the objective is to remove epidermis and
generate heat to the dermis stimulating the production of collagen.
The experiments were carried out in dead pig skin that was maintained in a water
bath at 36oC to approach the real conditions. Two setups were used to find the best
condition of power, beam size and exposure time.
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FIGURE 5.1. Detailed cross section of typical human skin (very similar to pig skin)
1. First, the lineal cavity as in figure 2.6a) without the SA, was used. The avail-
able pump source for Tm:KLuW consisted of an AlGaAs laser diode at 802 nm
(25oC), 75 W maximum output power and delivering CW or pulsed regimes.
The minimum pulse duration was 1 ms with repetition every 1 ms
2. To study the influence of higher powers at 1.94 µm, a novel GaSb laser diode
emitting at 1940 nm was used. The maximum power was 10 W with minimum
pulse duration of 1 s.
The size and depth of the damages were observed and measured with a conven-
tional optical microscope. The depth was measured adjusting the focus on the surface
of the damage and next focusing to the bottom. The difference between the readings
is the depth of the damage.
5.2.1 Pig skin irradiated with the Tm:KLuW laser at 1.94 µm
The pig skin after irradiation at 1.94 µm from Tm:KLuW laser with and without fil-
tering the residual pump power is shown in figure 5.2. The damages were made
at several average power levels and pulsing the diode laser giving durations of 2
ms every 5 ms. In all cases 200 pulses (or 1 s exposure time) were applied. A lens
with 4 cm focal distance was used to focus the beam onto the sample and the spot
size resulted in 220 µm. Figure 5.2a) shows the damages made using a filter for the
residual pump while figure 5.2b) shows the damages without filtering the residual
pump. Table 5.1 shows the parameters used in each case.
The value of average incident power < Pinc > without residual pump power
corresponds to the laser emission at 1.94 µm. While the average incident power with
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a)
b)
FIGURE 5.2. Damages made with the lineal cavity a) with and b) without filtering the residual
pump
residual pump power is the sum of the laser and the residual pump powers, in such
a way that the average output power of the laser at 1.94 µm is the same for each
number of damage with and without residual pump power.
Without residual pump With residual pump
No. < Pinc > diameter depth < Pinc > size depth
(W) (µm) (µm) (W) (µm) (µm)
1 2.12 400 140 3.88 460 600
2 2.46 4.32 580 860
3 2.86 4.76 550 980
4 3.20 380 240 5.16 600 1050
5 3.66 400 540 5.60 650 1102
TABLE 5.1. Average incident power on the tissue for each damage shown in figures 5.2a) and
5.2b) showing also the size and depth for each damage
From table 5.1, it can be seen that both the size and the depth are larger with the
residual pump power than without. Comparing the damages 1, 4 and 5, the change
in depth is 2 to 4 times larger using the residual pump while the diameters are less
than 2 times larger. The white ring surrounding every damage is consequence of
coagulation. In this way, it is possible to see that the coagulation is enhanced without
the residual pump. It means that an efficient vaporization of the tissue is obtained
using the residual pump power.
The damage can be characterized much better with the histologies. These are
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CHAPTER 5. EXPERIMENTS ON BIOLOGICAL TISSUES 77
found in figure 5.3 for both cases with and without filtering the residual pump. Figure
5.3a) correspond to the damage No. 5 in figure 5.2a), while figure 5.3b) belongs to
damages (from left to right) no. 5, 4 and 3 of figure 5.2b).
a)
b)
FIGURE 5.3. Histologies corresponding to damages in figure 5.2. a) with and b) without filter-
ing the residual pump
One more experiment has been done, comparing two different exposure times:
0.5 s and 1 s, but only with the laser at 1.94 µm and using powers of 3 W, 3.5 W and 4
W. Another focusing system was used in order to decrease the spot size. It consisted
of a beam expander of 3X followed by an achromatic lens of 30 mm focal length and
AR-coated for 800–1800 nm range. The diameter of the spot sizes were estimated to
be ∼130 µm.
The damages are shown in figure 5.4 and the sizes of the vaporized region Dv, the
coagulated region Dc and depth z in each case are compiled in table 5.2. The total
size of the damage is given by Dtot = Dv + Dc.
As expected, with more exposure time the damages are larger and deeper. Co-
agulation predominates at 0.5 s while vaporization is better in 1 s as can be seen in
figure 5.4. The vaporization zone for 1 s has similar values around 500 µm. This is
due to the difficulties to place the tissue at the same focal point of the beam.
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FIGURE 5.4. Damages made only with the 1.94 µm laser with powers of 4 W, 3.5 W and 3 W
for 1 s and 0.5 s exposure time.
P(W) 3 3.5 4
1 s Dv (µm) 350× 550 550 450
Dc (µm) 400 350 120
z (µm) surface 200 260
0.5 s Dv (µm) very few 150 200
Dc (µm) 200 220 400
z (µm) 50 80 60
TABLE 5.2. Characteristics of every damage in figure 5.4
5.2.2 Pig skin irradiated with a high power 1.94 µm diode laser
Our laser system is giving a maximum output power of 4.8 W in CW regime (see
figure 3.2). The working power was fixed at 3 W for Tm-laser in the collinear expe-
riments, while other experiments worked up to 4 W as in table 5.2 to prevent any
damage in the active crystal. According to the experiments in figure 3.2, the polar-
ization of the beam at these power levels changed from Nm to Np emitting at 1.92
µm.
It is interesting to know which is the effect of the nearly 2 µm laser wavelength at
higher powers (more than 4 W) and coming from an unpolarized beam. To do this,
a novel laser diode based on GaSb semiconductor bars emitting at 1940 nm (DILAS
GmbH) was used. The minimum exposure time allowed by the diode is 1 s. The
experiments are addressed to study the effects of using higher powers (from 4.5 to
10 W) at exposure times of 1 s and 2 s. The spot size diameter at the focal point
of the lens setup is estimated to be 400 µm. The photographs of several shots are
shown in figure 5.5, while the parameters such as power and exposure time, as well
as the characteristics of each damage in the skin as diameter and penetration depth
are shown in table 5.3.
According to table 5.3, there is coagulation for powers in the 4.5–5.2 W range and
1 s exposure. The carbonization is characterized by the brownish region at 5.2 W
and 5.4 W for exposure times of 1 s and 2 s, respectively. After 5.4 W, the exposure
time was fixed at 2 s. The vaporization takes place at 5.7 W, after this, the size of
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FIGURE 5.5. Damages produced with the laser diode emitting at 1.94 µm, varying the power
from 4.5 W to 10 W, and exposure times of 1 and 2 s.
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P(W) t (s) type of damage diameter (mm) depth (µm)
a) 4.25 1 coagulation 1.4
b) 5.13 1 coagulation 1.25
c) 5.25 1 coagulation 1.52
start carbonization
d) 5.44 2 coagulation 1.5
carbonization
e) 5.74 2 coagulation 0.75
vaporization 0.95 600
f) 6.35 2 coagulation 0.5
vaporization 1.2 500
g) 6.35 2 coagulation 0.45
vaporization 0.95 600
h) 7.57 2 coagulation 1
vaporization 1.1× 0.83 800
i) 8.18 2 coagulation 2.1
vaporization 1.1 600
j) 8.79 2 coagulation 1× 1.2
vaporization 1.4× 1.2 1.1
k) 9.4 2 coagulation 0.6
vaporization 1.5 400
l) 10 2 coagulation 0.5
vaporization 1.3 400
TABLE 5.3. Power, exposure times and characteristics of the damages in photographs of figure
5.5
the vaporization region increases with the power. The damages for 9.4 W and 10
W show more vaporization, less coagulation and less penetration depth than those
at less power. In this way, it is required high power, less exposure times and better
focalization of the beam. All these characteristics are gathered by the passive Q-
switched laser presented in Chapter 4, thanks to the high peak powers (∼ 6 kW) due
to the short pulses (∼ 30 ns), and the very good quality of the beam at this peak-power
levels M2 ∼ 1.2. Unfortunately, the laser-tissue interaction with the Q-switched laser
is not covered in this work but suggested in paper X. Work is in progress in this
direction.
5.3 Experiments on pig eyes
The second part of the laser-tissue interactions covered in this work lay on the effects
of the 1.94 µm laser emission of Tm:KLuW interacting with the tissue of the iris in
a pig eye. The pig eyes have shown to serve as suitable models in medical research
not only because the close similarity with the human eyes in terms of anatomy, but
also the availability of these tissues instead of other species such as monkeys due to
economical and ethical reasons [146].
The anatomy of the eye is shown in figure 5.6. The relevant parts of the eye for
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CHAPTER 5. EXPERIMENTS ON BIOLOGICAL TISSUES 81
this study are:
1. Cornea: is the transparent part of the eye covering the iris and pupil
2. Iris: is the colored part of the eye. It controls the opening of the pupil acting as
a diaphragm
3. Lens: focuses the light into the retina
4. Aqueous humor: clear fluid present in both anterior and posterior chambers. It
provides nutrients to the cornea and lens.
FIGURE 5.6. Anatomy of a pig eye, very similar to the human eye except by some dimensions
of cornea.
The present experiments are related with treatments of eye diseases such as glau-
coma. Glaucoma is an eye disease that consists in the difficulty of draining the aque-
ous humor resulting in the accumulation of this liquid in one or both chambers pro-
ducing pain due to the intraocular pressure and resulting in damage of the optic
nerve and loss of vision. Lasers such as Nd:YAG are used to treat the disease in order
to make a small hole of around 200− 400 µm from where the liquid can escape.
In order to find the conditions of power and exposure time to produce the desired
damage onto the iris, the effect of the power in the iris with a sample without cornea
was studied. Next, the study of the effect of the incident beam focused onto the iris
of an entire eye, was made.
For all the experiments, the eyes were maintained at room temperature (23oC) and
moisturized with an aqueous solution. The exposure time was controlled manually
with a mechanical shutter at the output of the laser beam since short exposure times,
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controlled by the pump source of the Tm:KLuW laser, could result in permanent
damage of the pump laser diode.
5.3.1 Laser-tissue interaction in iris without cornea
The experiments were carried out using powers in the 300–500 mW, and exposure
times of 1 s maximum. The output mirror of the resonator is the Toc = 3% and Roc =
25 mm giving the best stability (figure 2d in paper III). The optical system consisted
in an achromatic lens with 60 mm focal length with an estimated diameter between
50-100 µm and beam quality characterized by M2 = 1.134 at 300 mW (measured by
knife-edge).
With the described optical system, the damages produced, at less than 1 s expo-
sure time, with 500 mW and 300 mW are shown in figure 5.7a), and the histologies in
5.7b) and 5.7c) for 500 mW and 300 mW, respectively.
a)
b) c)
FIGURE 5.7. Damages made directly on the iris with 500 mW and 300 mW of power and less
than 1 s exposure time. a) Photograph of the iris just after the damages were
produced. b) Histology showing the damage made at 300 mW. c) Histology for
the damage at 500 mW.
The histology corresponding to the damage produced at 500 mW, shows a va-
porization zone of 250 µm mm followed by a mixed region of vaporized tissue and
coagulated tissue, and finally a dark zone showing the coagulation region. The size
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CHAPTER 5. EXPERIMENTS ON BIOLOGICAL TISSUES 83
of the total damage is 1 mm in diameter. As can be seen, the heat diffusion is sym-
metric as a result of the quality of the beam. The depth of the vaporized zone is 250
µm, not necessary to produce a clean damage across the iris. As a comparison, the
damage produced at 300 mW (figure 5.7c)) is mainly coagulated tissue with super-
ficial vaporization and the total size is 1 mm in diameter. From the histologies, no
damage across the entire iris was observed. The penetration depth was 0.4 µm whilst
the total thickness is 1 mm.
It is clear that there would be a balance among power, exposure time and spot
size of the incident beam resulting in the intensity needed to produce the damage
onto the iris without affecting the cornea and lens. The following experiments are
addressed in this line.
5.3.2 Laser-tissue interaction in eyes
During these experiments, two optical systems were used to focus the beam onto the
sample. 1) The A-system described previously, and 2) the second system (B-system)
that was designed to produce a bigger spot size. It consisted in a collimating lens
with 50 mm focal length and a focusing lens with 100 mm focal length. The resulting
focal length was 140 mm, the spot diameter was 360 µm and the beam quality was
estimated in M2 = 1.001 at 400 mW of output power.
The experiments were made with 8 entire pig eyes, one of these using the A-
system, and the other 7 with the B-system. The piece of work was moved along the
optical axis of the optical system in order to study the effects of the spot size at several
powers and less than 1 s exposure time. Despite the low intensity resulting from the
second optical system, damages onto the cornea were observed. The possibility of
increasing the power to produce the desired damage with less exposure time relies
on the Q-switched Tm:KLuW laser.
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Laser physics and laser engineering are continuously evolving technologies, always
seeking new sources able to emit at specific wavelengths. Increasing interest has
been focused on the ∼2-µm laser emission of Tm due to its potential applications in
medicine and environmental sensing. Among the advantages of the Tm-ion over
other 2-µm emission ions such as Ho, is the absorption band of around 800 nm,
matching the emission of AlGaAs laser diodes which have been well developed for
pumping Nd-lasers. Moreover, the efficient cross-relaxation processes in Tm enhance
the ∼ 2-µm resulting in a quantum efficiency approaching 2.
Monoclinic potassium lutetium double tungstate is established as new host for
the Tm ion offering interesting properties such as high absorption and emission cross
sections, partially due to its strong anisotropy, and ensuring high efficiency in laser
performance; the possibility of doping with high concentration (up to 15 at.%Tm
in this work) with significantly low fluorescence quenching, suitable for thin-disk
laser design; and long lifetime of the upper laser level ensuring high energy storage
suitable for generation of nanoseconds pulses by means of Q-Switching techniques.
The bulk crystals and epitaxy layers were grown with high optical quality, cut
and polished according to the resonator specifications and laser experiments were
carried out. In the single-doped case with direct pumping, high efficiency and high
output power were achieved using the best cavity conditions. Another interesting
feature is the polarization change from an initial beam polarized parallel to Nm at
low powers, to Np polarization at high powers passing through a coexisting region
at medium powers where the two polarizations were present. The analysis of gain
cross-sections for both polarizations provided the answer to this behavior and is con-
sistent with simulations where the laser beam size was calculated, taking into ac-
count the change in temperature, for the different cavity configurations. In order to
eliminate the second polarization, the crystal was cut for propagation along Np, en-
suring laser emission polarized parallel only to Nm. However, this resulted in a dual-
wavelength laser emission and low output power compared to the Ng-cut. This effect
was also explained using the gain curves and the calculations of the laser beam size.
According to the cavity configurations, laser emission polarized parallel to Nm can
be ensured using a smaller pump beam size (150 µm). However, dual-wavelength
sources are also interesting for differential absorption measurements in medicine or
85
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86 CHAPTER 5. EXPERIMENTS ON BIOLOGICAL TISSUES
environmental sciences.
During the exploration of the laser capabilities of the Tm ion embedded in the
crystal host KLuW, it was sensitized by the Yb ion, which has a closer ionic radius to
Lu and Tm. However, due to the low energy transfer efficiency, output power was
restricted to 300 mW. Meanwhile, an interesting feature related to shifting to longer
wavelengths was observed and explained on the basis of electron-phonon coupling.
This also demonstrates the high phononic activity of the host, which makes such long
wavelengths possible.
Although, the maximum power in the bulk crystal was relatively high (4.8 W),
the power scaling experiment was conducted using the thin-disk design. The com-
posite samples (epilayer and substrate) have proved to be both easy to handle in the
preparation for laser experiments, and efficient in terms of laser operation achieving
up to 5.9 W maximum power, in four-pass pumping. This also means that thermal
management was substantially improved as heat extraction was restricted to one-
dimensional flow. Compared to other Tm hosts used in thin-disk experiments, the
Tm composites using KLuW as a host, simplify the pump geometry resulting in pow-
erful and compact laser devices. Nonetheless, some further variations such as the use
of a top-hat pump beam profile will provide a better performance because thermal
management can still be improved, ensuring a thermal gradient close to 0 on the
active epilayer surface. By the same token, further reduction of the thickness accom-
panied by an increase in the doping level may reduce the number of pump passes to
2.
In the pulsed regime, optimum Q-Switching performance was achieved using
polycrystalline samples of Cr:ZnS as intracavity saturable absorbers, reaching pulse
durations in the 10-30 ns range and maximum peak power of 6 kW. This shows that
Cr:ZnS polycrystalline samples are better suited for passive Q-switching of Tm:KLuW
than other saturable absorbers such as Cr:ZnSe, semiconductor saturable absorbers
or PbS quantum-dots. The Cr:ZnS samples take advantage of the large energy stor-
age capacities of the Tm:KLuW crystal. Unfortunately, the Raman emission expected
at 2300 nm was not observed mainly due to the antireflection coatings of the crystals
and the coating on the bending mirror. Further experiments should look into this
through incorporating the corresponding modifications. The same Q-switching tech-
nique can be applied to thin-disk samples achieving higher average powers at low
repetition rates, which translates to high pulse energies.
Finally, previous experiments on the application of the 1.9 µm laser emission gen-
erated in the Tm:KLuW crystal in CW regime have been conducted and applied to
pig skin and pig eyes in order to determine the power and exposure time needed
to produce localized vaporization of the tissue without affecting the surrounding ar-
eas. The experiments conducted in CW regime, show that high peak powers and
low exposure times are desirable in order to produce local vaporization in biologi-
cal tissues. Therefore, the laser in Q-switching regime is better suited to causing this
desired damages for applications in dermatology and ophthalmology.
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Input parameters for LASCAD
Values of the physical properties of Tm:KLuW as input parameters for simulation of
thermal gradient as well as for the calculation of the spot size of the laser beam inside
the cavity.
Physical property x ‖ Nm y ‖ Np z ‖ Ng Ref.
Thermal conductivity, W/(mm K) 3.4×10−3 2.4×10−3 3.6×10−3 [54]
Coefficient of thermal expansion, 1/K 1.12×10−5 3.35×10−6 1.455×10−5 [54]
Elastic modulus, N/mm2 116000 116000 116000 i
Poisson’s ratio xy, yz, xz 0.25 0.25 0.25 ii
Refractive Index @ 1.94 µm 1.9476 1.9909 2.0546 iii
Temperature dependence of
refractive index dn/dT, 1/K −1.6× 10−6 −1.08× 10−5 −7.4× 10−6 [57]
Absorption Coefficients
for 3 at.%Tm, W/mm 1.2 0.4 iv
Heat efficiency factor 0.04 ii
Emission cross-section, mm2 1.2×10−18 v
Reabsorption cross-section, mm2 1.1×10−19 v
Fluorescence Lifetime, s 1.34×10−3 [51]
Pump efficiency, ηQ 1.9 vi
TABLE A.1. Properties of Tm:KLuW Ng-cut crystal used as input parameters for LASCAD pro-
gram.
Some physical properties were calculated or estimated according to:
i Previous measurements made in FiCMA group by nanoindentation technique
applied only normal to (010) face
ii Database in LASCAD for KGW host
iii Calculated at 1.94 µm using the Sellmeier fit in eq. 1.3
iv Calculated according to the absorption cross-section at 802 nm and the doping
concentration
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v Calculated according to the reciprocity method of eq. 1.6
vi Calculated from eq. 1.5
The properties in table A.1 were used for an Ng-cut crystal. For the calculations
of the thermal gradient of the Np-cut crystal, the columns for Np and Ng were inter-
changed and the absorption coefficient parallel to Ng was taken to be 0.
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doped monoclinic KLu(WO4)2 single crystals: growth and spectroscopy. App.
Phys. B, 87:707–716, 2007.
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Abstract: We report on polarization switching in the
Tm:KLu(WO4)2 laser between the Nm and Np states oscillat-
ing at different wavelengths: 1946 nm for Nm and 1922 nm for
Np. There is a certain power range where the two laser polar-
izations coexist in this biaxial crystal. The switching strongly
depends on the thermal management of the active medium
through either the mode matching between the pump and the
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1. Introduction
The laser emission around 2 μm based on the 3F4 → 3H6
transition of thulium (Tm3+) is very interesting for ap-
plications in the field of medicine, mainly due to the
strong optical absorption by water, and remote sensing (LI-
DAR) of CO2 and water in the atmosphere, as well as for
pumping optical parametric oscillators (OPOs) for con-
version in the mid-IR with single [1] or dual-wavelength
operation [2]. The laser operation with single doped Tm
has been successfully demonstrated in a wide variety
of hosts such as garnets (YAG) [3] and its isostruc-
tural Lu3Al5O12 (LuAG) [4], fluorides (LiYF4, GdLiF4)
[5,6], vanadates (YVO4, GdVO4) [7,8], and the double
tungstates KRE(WO4)2 (shortly KREW with RE=Y, Gd,
Lu) [9–11].
The monoclinic potassium double tungstate crystals
doped with lanthanide ions, are established as promising
solid-state laser materials providing very high laser ef-
ficiencies In particular, the KLu(WO4)2 (KLuW) crystal
is very suitable as host for Yb and Tm ions [12]. The
three orthogonal principal optical axes of this biaxial crys-
tal are defined by the relation of the refractive indices
np <nm <ng . The principal optical axis Np is parallel
to the b crystallographic direction, while Nm and Ng lie
in the ac crystallographic plane. The principal optical axis
Ng is at 18.5◦ clockwise with respect to c crystallographic
direction when b is directed towards the observer [13].
∗ Corresponding author: e-mail: xavier.mateos@urv.cat
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In this class of biaxial crystals, the absorption and
emission bands are relatively broad and the transition
cross-sections are very high for selected polarizations,
make them also interesting for thin disk laser applica-
tions. In the case of Tm doping with a layer thickness
of 80 μm, continuous-wave (CW) laser was achieved
with 550 mW of maximum power [14]. For Tm:KLuW
crystal at room-temperature, the absorption cross-section
(σa) at 802 nm amounts to 5.95×10−20 cm2 for E‖Nm,
and 1.76×10−20 cm2 for E‖Np, and the emission cross-
section (σe) at 1950 nm is 1.20×10−20 cm2 for E‖Nm
and 0.57×10−20 cm2 for E‖Np [11]. Selection rules in the
electronic transitions for Tm ion (odd electrons number) in
the C2 symmetry are expected [15]. In the three-level Tm-
laser system, these absorption and emission cross-section
values, the gain cross-section σg , defined as σg =βσe – (1 –
β)σa, which depends on the inversion rate β and the pump
reabsorption, change with temperature. It may happen that
at a certain temperature the gain cross-section is similar
for two polarizations at different wavelengths and simulta-
neous laser oscillation of two perpendicular polarizations
at those wavelengths may occur.
Similar phenomenon was previously observed in some
other laser crystals using Yb as the active ion, for ex-
ample in the uniaxial vanadates as reported in [16–18]
and the biaxial calcium oxiborates [19], in which an ex-
tensive theoretical work have been done concerning the
anisotropy in the absorption and fluorescence taking into
account the distribution of the polarization eigenmode vec-
tors around the principal plane of the dielectric frame
containing the optical singularities of the optical axes
[20]. The anisotropic behavior of double tungstates can
also be exploited such that the laser gains of two per-
pendicular polarizations have different spectral proper-
ties as in the work of A. Brenier [21] where a tunable
dual-wavelength laser based in Yb:KGW was demon-
strated oscillating at 1033–1046 nm range along Np po-
larization and at 1020–1032 nm range polarized in the
Nm –Ng principal plane. In some other works, the dual
wavelength operation without polarization switching has
been observed using Nd:YAG [22] in which the laser
wavelengths correspond to the transitions between the
Stark sublevels of the 4F3/2 → 4I11/2 transition of Nd, or
Nd:YVO4 and Nd:LuVO4, in which the laser wavelengths
correspond to the electronic transitions 4F3/2 → 4I11/2 and
4F3/2 → 4I13/2 [23–25]. Very recently, at 2-μm spectral
range, simultaneous oscillation of two laser wavelengths in
(Ho,Tm):KLuW system has been demonstrated [26], one
generated from Tm ions tuned in the 1854 – 1980 nm range
and the other from Ho ions tuned in the 1971 – 2063 nm
range.
In this work, we report on switching between the two
polarization states, Nm and Np of the 3F4 → 3H6 tran-
sition of Tm, each of them with a characteristic wave-
length, in a diode-pumped Tm:KLuW laser operating in
CW regime. We are not aware of the existence of such po-







Figure 1 (online color at www.lphys.org) Experimental setup
for the laser experiments
2. Laser experiments
For the laser experiments, the active elements were
3 at.% Tm:KLuW crystals grown by means of the
top-seeded solution growth slow-cooling (TSSG-SC)
method. The ion concentration measured by EPMA was
1.93×1020 at./cm3. This doping level presented optimum
laser performances in our previous work in CW regime
with Ti:Sapphire and diode lasers pumping [11]. The crys-
tals were cut for propagation along the Ng principal optical
axis with 3 mm thickness and 1.5×3 mm2 aperture along
the Np and Nm principal optical directions, respectively.
The faces of the crystals normal to Ng were AR coated
for the pump and laser wavelengths. The setup for laser
experiments is shown in Fig. 1. A 200 μm core diameter
(NA = 0.22) fiber-coupled AlGaAs laser diode emitting in
the 805 – 807 nm range and delivering 20 W of maximum
power was used as pump source. The pump beam was fo-
cused onto the crystal with a spot size of 200 μm through
a special lens assembly with an imaging ratio 1:1. The two
mirror cavity consisted of a flat input mirror (M1) with
AR coating for the 770 – 1050 nm range and HR coating
for the 1800 – 2075 nm range, and a concave output cou-
pler (M2) with transmission (Toc) of 1.5%, 3%, and 5% for
1820 – 2050 nm range and radii of curvature (Roc) of 25,
50, and 75 mm to vary the mode matching of the pump and
Tm-laser resulting in optimum cavity lengths of 24, 49,
and 74 mm, respectively. The active element was placed
very close to the input mirror at a distance of ∼ 1 mm. The
active elements were cooled using two different Cu hold-
ers with circulating water at 16◦C. The first one enabled
contact with the two larger lateral surfaces of the crystal
and the second one was in contact with all four lateral sur-
faces. Indium foil was used for better thermal contact be-
tween crystal and holder.
3. Results and discussion
Fig. 2a – Fig. 2c show the output power of the Tm laser
against the incident pump power for three output couplers
with different radii of curvature when only the two larger
lateral surfaces of the active element are in contact with
the crystal holder. At low pump powers and for all output
couplers used in this experiment, the laser polarization that
www.lphys.org
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(b)Ptotal , η = 22%
PNm, λ = 1946 nm
PNp, λ = 1918 – 1926 nm
Toc = 3%
Roc = 50 mm
Ptotal , η = 19%
PNm, λ = 1947.6 nm



































Roc = 25 mm
η= 20%
Ptotal , η = 23%
PNm, λ = 1946 nm
PNp, λ = 1922 nm
Toc λ = 1951 nm= 1.5%,
Toc λ = 1946 nm= 3.0%,
Toc λ = 1944 nm= 5.0%,
Figure 2 (online color at www.lphys.org) Polarization switching in the CW Tm:KLuW laser, cooling of two crystal surfaces (a)
with Roc = 75 mm, (b) Roc = 50 mm output coupler, and (c) Roc = 25 mm output coupler. (d) – cooling all four crystal surfaces and
Roc = 25 mm output coupler. The total output power in the coexistence region is the sum of the powers of both polarization states
experimentally confirmed and η is the slope efficiency
naturally oscillates at threshold is that with E‖Nm because
of the larger gain cross-section compared to E‖Np [11].
In Fig. 2a, a Toc = 3% and Roc = 75 mm output cou-
pler was used and the competition of two polarization
states occurred in the 5–7 W range for the incident pump
power. At an incident pump power of 5 W, the Nm polar-
ized output of the Tm-laser, having reached less than 1 W,
started decreasing (circles) while the Np polarized compo-
nent (triangles) appeared. This coexistence extended up to
∼ 7 W of incident pump power. Above this power level,
the Np polarization dominated. Similarly, in Fig. 2b a
Roc = 50 mm output coupler with same transmission was
used and the competition occurred in the 10 – 12 W range
for the incident pump power. In both cases, the total out-
put power dependence remained linear as a function of the
incident pump power.
In Fig. 2c, a Roc = 25 mm output coupler was used,
still cooling only the two larger faces of the crystal. In
this case, mode matching was improved and competition
of the two polarizations occurred at an output power level
of 3.5 W (at much higher incident pump power ∼ 18 W).
The estimated values of the laser spot diameter for each
Roc mirrors are: 102, 124, and 140 μm for 25, 50, and
75 mm radius of curvature, respectively.
The above results can be compared with those obtained
when cooling all four lateral surfaces of the crystal, which
are shown in Fig. 2d for the same radius of curvature of the
output coupler as in Fig. 2c). In this case, no competition
of the two polarizations in the range of available incident
pump power (up to ∼ 20 W) was observed, independent
of the output coupler transmission. In these conditions, the
laser reached 4 W of output power operating at 1946 nm
c© 2012 by Astro Ltd.
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Roc
Toc 25 mm 50 mm 75 mm
1.5% No coexistence Pcoex = 8.0–10.7 W Pcoex = 5.9–7.0 W
at 14.9 W λNm = 1953.3 nm λNm = 1954.5 nm
λ= 1952.5 nm λNp = 1946.7 nm λNp = 1947.2 nm
3.0% No coexistence Pcoex = 8.5–11.7 W Pcoex = 6.4–7.5 W
at 14.9 W λNm = 1946.0 nm λNm = 1947.2 nm
λ= 1948.2 nm λNp = 1922.0 nm λNp = 1922.5 nm
5.0% No coexistence Pcoex = 8.6–11.7 W Pcoex = 5.9–7.5 W
at 14.9 W λNm = 1945.1 nm λNm = 1945.7 nm
λ= 1945.7 nm λNp = 1912.6 nm λNp = 1913.2 nm
Table 1 Polarization coexistence power range (Pcoex) and laser
wavelengths for Nm and Np polarizations cooling the four faces
of the crystals
(Toc = 3%), linearly polarized along the Nm principal op-
tical axis.
The effect of removing the coexistence region with the
improved cooling of the crystals was pronounced in the
case of Roc = 25 mm mirror. In Table 1 the results obtained
with several Toc’s and Roc’s are summarized cooling the
four faces of the crystal. As can be seen, the coexistence
range (in terms of incident power) is similar for different
Toc’s. The wavelengths for Nm and Np polarizations re-
main nearly the same for different Roc values but change
to shorter values with increasing Toc as typical for quasi-
three level lasers. These laser wavelengths change with Toc
according to the gain curves.
Regarding the laser emission spectra, the behavior de-
pending on the power level with the output coupler with
Roc = 50 mm, Toc = 3% and four faces cooling is shown
in Fig. 3. For low incident power (7.5 W) the wavelength
oscillating with E‖Nm is 1946 nm. In the coexistence re-
gion (11 W) where both polarizations have similar output
powers (∼ 1 W in Fig. 2b), the wavelength for Np polar-
ization is 1922 nm. At higher incident powers (12 W), Nm
almost disappeared while Np polarization dominated. Fi-
nally, near to the maximum available incident power, Np
is the only oscillating polarization. It means that the Np
polarization is more stable at higher powers with the res-
onator conditions already described.
Polarization switching effect is assigned to thermal
load because when a mechanical chopper was used (duty
cycle of 50%), polarization switches at yet higher incident
power levels. In contrast to the works of J.H. Liu et al. [16–
19], we did not observe any hysteresis in the coexistence
region comparing the laser performance when the exper-
iment was carried out increasing or decreasing the pump
power.
To see the influence of the thermal effects in the active
medium, we also used crystal cubes of 3×3×3 mm3 along
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Figure 3 (online color at www.lphys.org) Evolution of the laser
emission spectra below, in and above the region of polarization
switching
tal faces in contact with the cooling holder, there is clear
evidence that shorter crystal dimension along Np helps
significantly to reduce thermal loading allowing higher
incident powers without damaging of the crystal but the
polarization switching appeared around similar incident
power ranges. Moreover, further reduction of the dimen-
sion along Np (to 1 mm for example) led to strong thermal
gradient between the axial region (high temperature) and
the face in contact with the cooling holder (low tempera-
ture) which was detrimental for the beam quality, appar-
ently affected by pronounced thermal lensing. This was
confirmed by the necessity to increase the cavity length
∼ 2 mm for each output coupler with Roc = 25, 50, and
75 mm, from the initial ones at 24, 49, and 74 mm to 26,
51, and 76 mm, respectively, in order to achieve higher
output powers. The polarization switching observed in the
present work could also be suppressed by the insertion of
an intracavity polarizer, however this would not prevent
thermal loading, which in turn leads to thermal lensing or
in the worse case crystal damage.
The temperature of the crystal increases with the
pump power, making the re-absorption losses more pro-
nounced. At 1950 nm, the re-absorption cross-section for
Nm polarization is 0.11×10−20 cm2 while for Np it is
0.025×10−20 cm2 [12]. At low pump levels the result-
ing gain cross-section is higher for Nm polarization, at a
www.lphys.org
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Nm , max = 1946 nmλ= 0.135, β
Np , max = 1922 nmλ= 0.170, β
Figure 4 (online color at www.lphys.org) Gain cross-section,
σg , of Tm:KLuW in the 1875 – 2000 nm range at 353 K for Nm
and Np
certain pump level and operating temperature of the crys-
tal, the gain cross-sections of the Nm and Np polariza-
tions might become nearly equal at two different wave-
lengths, leading to competition between these two laser
states. Since the absorption and emission cross-sections
are different for the two polarizations, this can obviously
happen only for different inversion rates β for the two po-
larizations at a fixed temperature, because the total gain
always equals the non-saturable losses. Note, that above
threshold, the inversion rate β in a three-level system de-
pends not only on the pump parameters (intensity and
cross-sections at the pump wavelength) but also on the
laser intensity and the values of the cross-sections at the
laser wavelength. The latter determine the inversion rate
in unpumped regions, e.g. in the case of imperfect overlap.
As a result, the laser output will consist of two components
with perpendicular polarization states, Nm –Np, emitting
at different wavelengths.
To demonstrate the hypothesis exposed above for these
two polarizations with gain maxima centered at 1946 nm
for E‖Nm and 1922 nm for E‖Np (laser wavelengths we
achieved for each polarization) we measured the optical
absorption and calculated the emission cross-section by
the reciprocity method for several elevated temperatures.
At those elevated temperatures the maximum of the gain
curves for Nm shifted to longer wavelengths so that an
appropriate inversion rate β made the maximum to be cen-
tered at 1946 nm. On the other hand, for Np only a reduced
number of inversion rate β values were valid to center the
maximum of the gain curves at 1922 nm. In addition, to
make the two gain curves equal with maxima centered at
1946 nm for Nm and 1922 nm for Np, the only combina-
tion possible was such that the temperature is ∼ 353 K. As
shown in Fig. 4, at 353 K, Nm polarization exhibits maxi-
T , K σg , Nm, 10−22 cm2 σg , Np, 10−22 cm2
at 1946 nm at 1922 nm
298 2.50, β = 0.12 1.26, β = 0.15
323 1.46, β = 0.12 1.41, β = 0.12
353 1.20, β = 0.135 1.25, β = 0.17
393 0.91, β = 0.15 0.88, β = 0.18
433 1.23, β = 0.18 0.88, β = 0.20
Table 2 Gain cross-section values calculated for T = 298, 323,
353, 393, and 433 K depending on the inversion ratios (β) for
maximum gain
mum gain cross-section of ∼ 1.2×10−22 cm2 at 1946 nm
for an inversion rate β = 0.135. At this temperature, Np po-
larization exhibits already slightly higher maximum gain
cross-section of ∼ 1.25×10−22 cm2 at 1922 nm for an in-
version ratio β = 0.170. Some other values of gain cross-
section (σg) and inversion ratios (β) are summarized in
Table 2.
4. Conclusion
In summary, we observed and characterized polarization
switching in the laser operation of a 3 at.% Tm:KLuW
crystal. We established, that there is a competition of two
polarizations, Nm and Np oscillating at different wave-
lengths, and that this can be eliminated by modifying the
design of the laser cavity and better cooling of the ac-
tive medium. We also demonstrated that this polarization
switching is mainly due to the change of the gain cross-
section for each polarization with the temperature.
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F. Dı́az, Appl. Phys. B 87, 707–716 (2007).
[16] J.H. Liu, H.J. Zhang, X. Mateos, W.J. Han, and V. Petrov,
Opt. Lett. 33, 1810–1812 (2008).
[17] J.H. Liu, W.J. Han, H.J. Zhang, X. Mateos, and V. Petrov,
IEEE J. Quantum Electron. 45, 807–815 (2009).
[18] J. Liu, W. Han, H. Zhang, H. Yang, and V. Petrov, Appl.
Phys. B 98, 87–91 (2010).
[19] J.H. Liu, H.W. Yang, H.J. Zhang, J.Y. Wang, and V. Petrov,
Appl. Opt. 47, 5436–5441 (2008).
[20] Y. Petit, S. Joly, P. Segonds, and B. Boulanger, Laser Phys.
21, 1305–1312 (2011).
[21] A. Brenier, Laser Phys. Lett. 8, 520–524 (2011).
[22] L.J. Chen, Z.P. Wang, S.D. Zhuang, H.H. Yu, Y.G. Zhao,
L. Guo, and X.G. Xu, Opt. Lett. 36, 2554–2556 (2011).
[23] Y.-F. Chen, Appl. Phys. B 70, 475–478 (2000).
[24] X. Yu, C.L. Li, G.C. Sun, B.Z. Li, X.Y. Chen, M. Zhao,
J.B. Wang, X.H. Zhang, and G.Y. Jin, Laser Phys. 21,
1039–1041 (2011).
[25] N. Pavel, Laser Phys. 20, 215–221 (2010).
[26] V. Jambunathan, A. Schmidt, X. Mateos, M.C. Pujol, J.J.
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Abstract. Simultaneous continuous-wave laser oscillation at two wavelengths has been observed and 
studied in a diode pumped monoclinic Np-cut Tm:KLu(WO4)2 for different transmission of the output 
coupler. The maximum output power reached 1.1 W with a slope efficiency of 20.4% for  Nm with 
respect to the absorbed power. In an analogous Ng-cut crystal the dual-wavelength laser operation is 
accompanied by polarization switching with increasing pump power and the switching point depends 
on  the  output  coupling.  Slightly  higher  efficiency  is  achieved  reaching  for  Nm 25.4%. Simple 
modelling with rate equations taking into account reabsorption losses explains the complex behaviour 
observed experimentally.
PACS 42.55.Rz, 42.55.Xi, 42.60.Pk, 42.70.Hj
1. Introduction
Dual-wavelength laser sources are attractive for atmospheric sensing applications, especially for differential absorption 
lidar (DIAL) measurements where one wavelength is in resonance with the absorption band of the molecule of interest  
and  the  other  is  a  reference  wavelength  accounting  for  the  background  [1].  Very  interesting  are  also  medical  
applications using differential absorption, e.g. as in [2] where two single mode laser diodes at 785 nm and 830 nm were  
proposed for contrast imaging to detect changes in hemoglobine oxygenation. Dual-wavelength lasers can be used also 
for THz generation [3] and emission near 2 µm will permit the use of nonlinear crystals that are not transparent at  
shorter wavelengths but otherwise possess one of the highest figure of merits, such as ZnGeP2 and OP-GaAs [4].
The most common dual-wavelength sources are based on Nd lasers in which the dual-wavelength operation is due to 
different electronic transitions from the same upper level, 4F3/2 → 4I13/2 (1.3 µm), 4F3/2 → 4I11/2 (1.0 µm) and 4F3/2 → 4I9/2 
(0.9 µm) [5,6], or to different Stark levels within the same electronic transition [7]. At longer wavelengths, co-doped 
laser materials have been used such as  (Tm, Ho, Er):YAG co-lasing at 2.1 µm (Ho) and 2.9 µm (Er) [5], with much 
larger wavelength separation of ~1 µm. Even larger wavelength separation has been demonstrated with (Er, Nd):YAG 
[8] where emission at 2.94 µm from Er and at 1.064 µm from Nd has been observed.
Dual-wavelength  operation  accompanied  by  polarization  switching  or  oscillation  of  different  wavelengths  with 
orthogonal polarizations was first observed in Yb lasers. Such more complex behaviour has been documented for the  
uniaxial vanadates such as YGdVO4 [9] and GdVO4 [10, 11], and biaxial calcium oxiborates [12]. 
In this work we describe simultaneous laser emission in continuous-wave regime (CW) at 1917 and 1948 nm from Tm3+ 
in monoclinic potassium lutetium double tungstate, KLu(WO4)2, as active medium. This is accompanied by polarization 
switching depending on the crystal cut. Previously we have studied dual-wavelength operation with this host in the  
2 µm spectral range, however, co-doped with Tm and Ho ions, with tuning in the 1854 – 1980 nm range from Tm and in 
the 1971 – 2063 nm range from Ho [13]. However, the wavelength range of Tm around 1.9 µm corresponding to the 3F4 
→ 3H6 transition is more interesting because it matches a local maximum of water absorption. 
The observed in the present work laser wavelengths and threshold powers for each polarization configuration can be 
explained using the theoretical model developed for longitudinally pumped solid state lasers with reabsorption losses  
[14,15], previously applied also to some Tm-doped systems such as  Tm:YAlO3 [16] and Tm:GdVO4 [17]. 
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The monoclinic potassium double tungstate crystals, KRE(WO4)2 (RE = Lu, Gd and Y), doped with lanthanide ions, are 
established as promising solid-state laser materials providing very high laser efficiencies. In particular, the KLu(WO 4)2 
(KLuW) is a very suitable host for Yb and Tm ions [18] and more recently, very promising results have been achieved 
with Ho as active ion as well [19]. The three orthogonal principal optical axes of this biaxial crystal are defined by the 
relation  of  the  corresponding  refractive  indices  np < nm < ng.  The  principal  optical  axis  Np is  parallel  to  the  b 
crystallographic direction, while  Nm and  Ng lie in the  a  –c crystallographic plane. The principal optical axis  Ng is at 
18.5º clockwise with respect to c crystallographic direction when b is directed towards the observer [20]. In this class of 
biaxial crystals, the absorption and emission bands are relatively broad and the transition cross-sections are very high 
for selected polarizations [21]. CW laser oscillation of Tm in KLuW around 1950 nm with diode pumping at 802 nm 
was first demonstrated in [22].
For the laser experiments in the present work, we used uncoated 3 at. % Tm:KLuW crystals grown by means of the 
Top-Seeded  Solution  Growth  Slow-Cooling  (TSSG-SC)  method.  The  ion  concentration  measured  by  EPMA was 
N=2.15×1020 at/cm3. Two samples from the same crystal were cut for propagation along the Np and Ng principal optical 
directions, respectively, with 3 mm thickness and 2×2 mm2 aperture. A 200 µm core diameter (NA=0.22) fiber-coupled 
AlGaAs laser diode emitting in the 805 – 807 nm range and delivering 20 W of maximum power was used as pump 
source. The unpolarized pump beam was focused onto the crystal with a spot size of 200 µm through a special lens 
assembly with an imaging ratio 1:1. The two mirror cavity consisted of a flat input mirror with AR coating for the 770–
1050 nm range and HR coating for the 1900–2400 nm range, and a concave output coupler with transmission (Toc) of 
3%, 5% and 9% for the 1820–2050 nm range and radius of curvature (Roc) of 75 mm giving an estimated laser spot 
diameter of 140 µm in the crystal. The active elements were mounted in a copper holder using indium foil for better 
thermal contact as close as possible to the input coupler.
The polarized  room temperature  absorption spectra  of  the Tm:KLuW samples  were  measured  with a  Varian Cary 
spectrophotometer in the 1800–2000 nm range and the emission cross-section was calculated for each polarization using 
the reciprocity method. The gain cross-section σg is defined as  σg=βσe–(1–β)σa, where σe and σa are the emission and 
absorption cross sections, respectively, and β the inversion ratio. The gain cross section of Tm:KLuW was calculated for 
several population inversion ratios and can be seen in fig. 1 for Nm and Np polarizations. The gain for E||Nm is higher 
than that for E||Np around 1950 nm, so that the natural polarization for the laser emission around this wavelength should 
be Nm. The gain for E||Np has a maximum at 1885 nm, for β higher than 0.3, with a value comparable to the maximum 
for Nm at 1916 nm or near 1950 nm. It is worth noting that the absorption and emission for E||Ng are at least 10 times 
lower than for E||Nm or E||Np and are not considered here. 
Fig. 1. Gain cross-section of Tm:KLuW for different population inversion levels, and polarizations  E//Nm and 
E//Np.
As can be seen from the upper part of Fig. 1, at low inversion rates β, corresponding to low overall losses, oscillation 
will start at wavelengths near 1950 nm for polarization parallel to Nm. However, with increasing output coupling and 
inversion  rate,  two wavelengths  seem possible  and finally domination  of  the  shorter  wavelength  near  1920 nm is 
predicted from the upper part of Fig.1. Similar behaviour for polarization parallel to Np is predicted from the lower part 
of Fig. 1. 
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For the Np-cut crystal, where only oscillation parallel to Nm is possible (the gain for emission parallel to Ng is too low), 
the maximum output power reached 1.15 W. This power was achieved with Toc=3% and 9% as can be seen in fig. 2a), 
for  a  maximum absorbed  power  of  6.4  W.  The  slope  efficiency  η was  slightly better  for  9% transmission.  The 
thresholds in terms of absorbed power were 0.79 W and 1.1 W, for Toc=3% and 9%, respectively. The laser wavelength 
near threshold for Toc=3% was 1948 nm with Nm-polarization. Using Toc=9% the initial wavelength was 1948 nm and a 
second wavelength of 1922 nm appeared at an absorbed power of 1.3 W with both emissions having almost the same  
intensity for 3.6 W of absorbed power as shown in fig. 2b). At this pump level a third peak located at 1940 nm appeared 
as well. 
Fig. 2. a) Output power vs. absorbed pump power in CW regime for the Np-cut Tm:KLuW crystal. b) Evolution 
of the laser spectra with the absorbed power for Toc=9%. All these emissions were naturally polarized parallel to 
Nm. 
Figure 3 shows the input output laser characteristics with  Toc=3%, 5% and 9% obtained for the  Ng-cut Tm:KLuW 
crystal, in which oscillation polarized parallel to both Nm and Np was possible. The slope efficiencies were higher than 
those for Np-cut crystal and the output power at the same absorbed power of 6.4 W was 1.4 W for Toc=3% and 1.3 W for 
Toc=9%. For the Ng-cut crystal, we also observed simultaneous laser generation at higher absorbed power levels, from 
~8 to ~11 W for Toc=3%, from ~7 to ~10 W for Toc=5%, and from ~6 to ~9 W for Toc=9%. The output power for the 
individual polarizations is also shown in fig.3. For Toc=3%, at an absorbed pump power of 9.6 W both polarizations have 
equal contributions resulting in an output power of 1.1 W each; for Toc=5% this happens at an absorbed power of 8.8 W 
with an output power of 0.98 W each, and for Toc=9% - at an absorbed power of 6.5 W with an output power of 0.7 W 
each. For the Ng-cut sample, the co-lasing at ~1917 nm and ~1948 nm is accompanied by polarization switching, from 
E||Nm at low power to E||Np at high power as previously observed in [23].
Fig. 3. Output power vs. absorbed pump power in CW regime for the Ng-cut Tm:KLuW crystal.
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The change of the oscillation wavelength with the transmission of the output coupler is typical for quasi-three-level  
lasers exhibiting some reabsorption losses due to the non-zero population of the higher Stark levels of the ground state. 
To analyze the dependence of the laser spectrum on the cavity losses, we adopted the model from [14]. The expression 




L+T oc+2 N l σa(λ )
4 τ ηQ [σ e (λ )+σ e(λ)]
(1)
where h is the Planck constant, νP is the pump laser frequency,  wL and wP are the laser and pump waist (radii) in the 
crystal,  L are  the  passive  losses  due  to  parasitic absorption,  scattering and  diffraction,  N is  the ion concentration 
(2.15×1020 at/cm3), l the thickness of the crystal (3 mm), τ the upper state 3F4 fluorescence lifetime (1.34 ms from [22]), 
and λ is the oscillation wavelength. In this sense, the reabsorption losses are taken into account by the term 2Nlσa(λ). 
The quantum efficiency for 3 at. % Tm:KLuW is calculated using an expression from [24] which takes into account the 





− ττr (1−β' )
1+( NN0 )
2 (2)
Here τr=203 µs [21] is the radiative lifetime of the 3H4 state. N0 is a reference concentration at which the cross relaxation 
rate equals the rate of the spontaneous relaxation processes to the lower lying manifolds. It  is taken as the lowest 
(N0=0.35×1020 at/cm3) for which there is no effect of ion-ion interaction and the 3H4 fluorescence decay is represented by 
a single exponential. For Tm:KLuW this corresponds to the fluorescene lifetime of τ0=230 µs of the 3H4 state measured 
at such doping. β' (0.11) is the combined branching ratio for radiatively populating the 3H5 or 3F4 states from 3H4. These 
data used for the estimation of ηQ were reported in [21] but obviously the accuracy of the calculated by the Judd-Ofelt 
method radiative lifetime is limited since it is shorter than the measured fluorescence lifetime. Assuming equal time  
constants  we arrive at  a  quantum efficiency of  1.97 for  3  at.% Tm-doped KLuW. Thus,  in  the  presence  of  cross 
relaxation the quantum efficiency factor is close to 2 in 3 at. % Tm:KLuW while in the absence of such, i.e. at low 
doping levels, it is pretty low, ηQ(N=N0)=1.055.
In order to estimate the overall round-trip losses in the cavity, we used the Findlay-Clay method taking into account the  
experimentally measured thresholds. From linear fit of -ln(R) = G Pth-abs – Ltot (here G is the net gain per unit of absorbed 
power and R=1-Toc) both G and Ltot can be derived and the results are summarized in Table 1. The losses L tot derived for 
both cases with Nm polarization are very close to what can be calculated from the reabsorption term in Eq.(1): 25-13% 
in the 1910-1950 nm range. For polarization parallel to  Np, the reabsorption losses are in the 13-3%  for the same 
wavelength range.
Assuming additional losses of  L~2% in Eq.(1) for polarization parallel to  Nm ,  the main contribution to  Ltot can be 
attributed  to  reabsorption.  For  polarization  parallel  to  Np the  second  threshold  occurs  when  the  laser  is  already 
oscillating polarized along Nm. The data cannot be fitted by Findlay-Clay analysis because this threshold is decreasing 
with the output coupling. This is justified by the observation (see Table 1) that the threshold for polarization parallel to  
Np is decreasing instead of increasing with output coupling as in the case for polarization parallel to Nm. Obviously this 
is a consequence of the decreasing intracavity power due to the already oscillating Nm polarization. Since this is not 
taken into account in Eq. (1), it is possible to account for this effect by trying to fit them as a parameter in Eq. (1) for the 
analysis of the polarization parallel to Np.
Table 1. Thresholds obtained from the linear fitting and Findlay-Clay analysis for each case (R = 1 – Toc).
Ng-cut, E || Nm Ng-cut, E || Np Np-cut, E || Nm
Toc Pth-abs(W) Pth-abs(W) Pth-abs(W)
3% 0.592 7.89 0.528
5% 0.749 6.79
9% 0.866 5.43 0.774
-ln(R) 0.227Pth-abs-0.108 0.213Pth-abs-0.08
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Fig. 4. Threshold absorbed power vs. wavelength computed with eq. (1) for the Np-cut Tm:KLuW crystal (lines) and experimentally 
thresholds (symbols) extrapolated to Pout = 0 from the linear fitting of the experimental measurements (figure 2a) for different output 
coupler transmission TOC.
Fig. 4 shows the calculated with Eq.(1) pump threshold for the emission polarized parallel to Nm with the Np-cut sample 
and the experimental threshold values are indicated with coloured stars. The starting laser wavelength is 1946 nm and 
the second is 1922 nm. To match the curve for Toc = 9% when the second laser wavelength occurs, the absorbed pump 
threshold of the first laser wavelength was added in the calculation so that the additional losses are taken into account.  
Figure 5 shows the absorbed threshold power for the Ng-cut crystal. Concerning the emission with E ||Nm (fig. 5a), the 
passive  losses  that  have  to  be  assumed  to  fit  the  experimental  threshold  results  (according  to  the  fitting  of  the 
experimental data in figure 3, both for Nm and Np) are slightly higher than those for the Np-cut crystal, 10.8% for Nm and 
23.4% for  Np (see table 1). However, such values are the maximum ones that the passive losses could reach. In our 
calculation, we used instead, L = 8% to achieve a reliable matching of the calculated thresholds and the experimental  
results. In the case of Np polarization, table 1 reveals passive losses with a maximum value of 23.4%, however, since Nm 
is  already oscillating when  Np occurs,  in  the  calculation we used additional  8% losses  apart  from the  8% losses  
corresponding to the Nm lasing state. 
Fig. 5. Absorbed threshold pump power vs. wavelength computed with eq. (1) for the Ng-cut Tm:KLuW crystal (lines) and thresholds 
(symbols) from the fitting for different output coupler transmission TOC. a) E || Nm and b) E || Np.
5. Conclusions
We experimentally observed and characterized dual-wavelength operation of an  Np-cut 3 at.%Tm:KLuW crystal and 
compared this behaviour with the polarization switching characteristic of the laser operation of an analogous Tm:KLuW 
crystal with Ng-cut. We established that there is competition of two wavelengths oscillating with polarization parallel to 
Nm, for the Np-cut crystal, and two polarizations, parallel to Nm and Np oscillating at two different wavelengths for the 
Ng-cut crystal, similar to the wavelengths observed for  Nm polarization with the  Np-cut crystal. The calculations of 
absorbed pump power thresholds based on the rate equation model from [14,15] can explain all these experimental  
results.
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Abstract 
Laser generation in continuous wave (CW) regime at 1.94-μm from (Tm,Yb) codoped system has been investigated in two 
different hosts: KLu(WO4)2 and KY(WO4)2. The high quality crystals were grown by the Top-Seeded Solution Growth Slow 
Cooling (TSSG-SC) method with doping levels of 2.5 at. %Tm and 5 at. %Yb. The active media were pumped with a diode laser 
at 980 nm. We demonstrated the superior performance of KLu(WO4)2 compared to that of KY(WO4)2 and improved the results 
already obtained in the literature. The maximum laser output power reached was 157 mW for (Tm,Yb):KLu(WO4)2 and 123 mW 
for (Tm,Yb):KY(WO4)2.
Keywords: Diode pumped solid state lasers; double tungstate crystals; thulium lasers. 
1. Introduction 
The laser emission around 2- m based on the 3F4 3H6 transition of thulium (Tm) has become interesting for 
medical applications and atmospheric sensing, mainly due to the strong absorption of water around this wavelength, 
as well as for pumping OPO’s for conversion in the mid-IR [1]. The 2- m laser emission can easily be achieved by 
pumping directly around 800 nm with AlGaAs diode lasers in the case of single doped Tm laser crystals or glasses, 
or by pumping around 980 nm with InGaAs diode lasers when using a sensitizer ion such as Yb3+. The laser 
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operation with single doped Tm3+ has been successfully demonstrated in a wide variety of hosts such as YAG 
(Y3Al5O12) [2], YLiF4 [3], YVO4 [4] and the double tungstates KRE(WO4)2 (Hereafter, KREW; RE=Y, Gd, Lu) 
[5,6]. On the other hand, there are many works focused on the Yb3+ as sensitizer ion for Tm3+ particularly due to the 
high absorption cross section of Yb3+ and the effective energy transfer from Yb3+ to Tm3+ [7, 8, 9].  
The high absorption and emission cross sections for the rare earth ions and also the possibility of high 
concentration doping levels make the double tungstates very attractive materials to be used as laser host. For 
instance the maximum values of the absorption cross section of the Yb doped KYW and KLuW single crystals are 
11.7 × 10-20 cm2 [10] and 11.8 × 10-20 cm2 [11] respectively. These values are considerably large compared to other 
commonly used hosts such as YAG, YAlO3, YLF [12] or YVO [13]. Regarding the emission cross section of thulium 
in KREW’s, it has been found that 1.15 10-20 cm2 at 1910 nm for E//Nm, and 1.20 10-20 cm2 at 1950 nm for E//Nm
are the maximum values for KYW [14] and KLuW [11], respectively. The laser action of single doped Tm and Yb 
ions has been successfully achieved in both hosts with high efficiencies. The laser emission at 1910 nm of (Tm,Yb) 
codoped system has been achieved in KYW in [9], but to the best of our knowledge, lasing of (Tm,Yb) codoped 
KLuW single crystals has not yet been demonstrated. 
The Yb3+ ion used as sensitizer is of great advantage since it has only two manifolds, the ground state 2F7/2 and
the excited state 2F5/2. Once the ion is excited it only can decay to the ground state or transfer part of its energy to 
another ion if the material is codoped and if the levels are reasonably resonant in energy. 
The population of the 3F4 level of Tm3+ via energy transfer from Yb3+ can be described using the energy levels 
scheme in figure 1. The 980 nm pump light is absorbed by Yb3+ ions, a part of this energy is transferred (T1) from 
the 2F5/2 level of Yb3+ to the 3H5 level of Tm3+  that decays via non-radiative process to the 3F4 level. Part of these 
electrons in 3F4 level could decay to the ground level, another could absorb energy (T2) and get up to 3F2,3 levels, 
decaying to 3H4 level via non-radiative process. Finally, the 3F4 level can be populated via cross relaxation process 
such as R1 and R2 in figure 1. Another processes in the (Tm,Yb) system, such as T3 process, give rise to the 
population of the 1G4 level that decays emitting at 480 nm (1G4 3H6) and 650 nm (1G4 3F4). 
In this work, we report on the laser oscillation of (Tm,Yb) codoped KLuW and KYW single crystals grown by 
the Top Seeded Solution Growth Slow Cooling (TSSG-SC) method. The obtained crystals (2.5 at. % Tm and 5 at. % 
Yb) were cut according to the principal optical axes for better laser performance and placed in a hemispherical 
resonator for the laser experiments.  
Figure 1. Energy levels scheme indicating the energy transfer processes in the (Tm,Yb) system. 
2. Active media 
For laser experiments, we used two different hosts from monoclinic double tungstates family: KY(WO4)2
(KYW) and KLu(WO4)2  (KLuW) doped with Tm and Yb. The cell parameters of KYW, in the C2/c space group, 
are a = 10.631 Å, b = 10.345 Å, c = 7.555 Å,  = 130.75º and Z = 4 [15], similarly, the cell parameters for KLuW 
are a = 10.576 Å, b = 10.214 Å, c = 7.487 Å,  = 130.68º and Z = 4 [16]. For both hosts, the principal optical axis 
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Np is parallel to b crystallographic direction, while Nm and Ng lie in the a-c crystallographic plane. The principal 
optical axis Ng is at 18.5º clockwise with respect to c crystallographic direction. 
The (Tm,Yb)–doped crystals were grown by the Top-Seeded Solution Growth Slow-Cooling (TSSG-SC) 
method described in detail in [17]. The crystals grew from a KLuW (or KYW) seed oriented along b
crystallographic direction. The doping levels were 2.5 at. % Tm and 5 at. % Yb. After growth, the chemical 
composition of the crystals was KLu0.919Tm0.030Yb0.051(WO4)2 and KY0.923Tm0.026Yb0.051(WO4)2 measured by 
Electron-Probe Micro-Analysis (EPMA). 
For the laser experiments, we constructed a hemispherical resonator consisting of a planar mirror with 
antireflecting coating (AR) for the pump wavelength (770-1050 nm) and highly reflecting (HR) coating for the laser 
wavelength (1800-2075 nm). As output coupler we tested different mirrors with several transmissions at the laser 
wavelength (1820-2050 nm) Toc = 1.5%, 3%, 5% and 9% and different radius of curvature Roc = 25, 50 and 75 mm. 
The pump source was a fiber-coupled (NA = 0.22, core diameter = 200 μm) high power InGaAs diode laser 
delivering up to 50 W emitting in the 976–980 nm range depending on the current level. The active media were cut 
for propagation along the Ng direction with dimensions 3 × 3 × 1.6 mm3 along Np × Nm × Ng. The uncoated high 
optical quality polished samples were mounted in a water cooled copper holder for heat dissipation. The normal 
incident pump beam was focused to a 200 μm spot diameter onto the crystal with a lens of 20 mm focal length. 
3. Laser experiments results 
The input-output characteristics of (Tm,Yb):KLuW and (Tm,Yb):KYW for several Toc and Roc are summarized 
in table 1, and the results for Roc = 50 mm are shown in fig. 2 as representative of the whole results obtained in the 
present work.  
Table 1. Maximum output powers and their corresponding incident powers and laser wavelengths of the 2.5 at.% Tm, 5 at.% 
Yb:KLuW (left) and KYW (right) depending on the Toc and Roc.
 (TmYb):KLuW  (TmYb):KYW 
 Roc(mm)  Roc(mm) 
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The results, in terms of wavelength and slope efficiency, are very similar for different Roc in KLuW and KYW. 
However, the best efficiency for KLuW was achieved with Toc = 3% and Roc = 25 mm while for KYW the highest 
efficiency was obtained with Toc = 1.5% and Roc = 50 mm. In general, saturation of the output power was observed 
for pump powers higher than 5 W in the case of (Tm,Yb):KLuW and 4 W for (Tm,Yb):KYW. This effect is mainly 
due to thermal load because when a chopper is used (duty cycle of 50%) the linear dependence is maintained for 
higher powers. In any case, no cracking of the crystals was observed. The laser wavelengths were, in general, longer 
for (Tm,Yb):KLuW than for (Tm,Yb):KYW in agreement with the maximum values of emission cross section for 
Tm in these hosts, though there was a broader emission in the laser wavelength for Toc = 1.5% and Roc = 25 mm for 
(Tm,Yb):KLuW, and Toc = 1.5%, Roc = 50 mm for (Tm,Yb):KYW.  
Figure 2. CW laser operation of 2.5% Tm, 5% Yb in a) KLuW, and b) KYW with several output couplers and Roc = 50 mm. 
The very low efficiencies were produced from the non-optimized mode matching of the pump and resonator 
modes. In the work of Batay et al. [9] a beam spot of 80 m has been used to obtain an efficiency of 19% with 
respect to the absorbed power. Here we estimate an absorption of 75% and the spot size was 200 m, so that the 
bleaching conditions are different and cannot be compared. Moreover, using high power levels the crystal is more 
likely to suffer thermal effects, as can be seen in figure 2(b) where the thermal effects are characterized by the 
saturation of the power. This could be avoided with either a reduction of the Yb doping level or an increase of the 
Tm doping level to optimize the energy transfer from Yb to Tm. 
The high laser thresholds are adscribed to the non-perfect resonant energy transfer from Yb to Tm and to the 3-
level nature of the Tm ion with partial population of the ground at room temperature. The maximum power for 
(Tm,Yb):KLuW was 157 mW achieved with Toc=1.5% and Roc=50 mm, while for (Tm,Yb):KYW was 123 mW with 
the same Toc and Roc. The latter value is twice than that obtained in [9] also for (Tm,Yb):KYW with an optimum 
doping level, 6 at. % Tm, 5 at. % Yb, the doping concentration in our case is 2.5 at. % Tm, 5 at. % Yb. In [9], the 
authors established that low doping levels of Tm, like 3 at. % did not generate laser radiation, probably due to the 
non-effective cross relaxation mechanism. 
4. Conclusions 
In summary, we have analysed the laser operation around 2 m from the 3F4 3H4 transition, under diode pumping 
at 980 nm, obtained in 2.5 at. % Tm, 5 at. % Yb codoped system in two similar hosts: KLuW and KYW. We 
conclude that the doping level of 2.5 at. % Tm is not enough to populate efficiently the 3F4 energy level of Tm via 
energy transfer of Yb, this would mean that even higher doping levels of Tm in (Tm,Yb):KLuW could increase the 
results enhancing the cross relaxation process of Tm. 
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We report on laser operation in a (6 at. % Tm, 5 at. % Yb):KLuWO42 codoped crystal. The vibrational
frequencies of KLuWO42 are coupled to the electronic transitions of Tm3 at 1946 nm, creating virtual
final laser levels at higher energy than the ground level 3H6 of Tm3. The longest recorded laser wave-
length was 2039 nm, which is longer than permitted by a pure electronic transition in Tm3 ions in
KLuWO42. We show that every laser wavelength can be explained with the electron–phonon coupling
effect, where the vibration frequencies were determined through Raman spectroscopy. © 2012 Optical
Society of America
OCIS codes: 140.3070, 140.3580, 140.5680, 140.6810.
1. Introduction
Laser emission in the 2 μm spectral range based on
the 3F4 → 3H6 transition of the thulium ion (Tm3,
hereafter Tm) has become of great interest for many
applications, among them medicine and atmospheric
sensing, mainly as a consequence of the strong opti-
cal absorption by water around this wavelength, as
well as for pumping optical parametric oscillators
for conversion into the mid-IR [1].
2 μm Tm lasers can be pumped either by direct ex-
citation of the Tm ions or by sensitization, by means
of codoping, e.g., with Yb ions, and energy transfer.
Direct pumping can easily be achieved with AlGaAs
diode lasers emitting around 800 nm. In the case of
codoping with Yb, InGaAs diode lasers operating
around 940 or 980 nm can be used.
The potassium double tungstate crystals,
KREWO42 (RE  Lu;Gd;Y), doped with lantha-
nide ions, are already established as highly efficient
solid-state laser materials, in particular Yb- and Tm-
doped KLuWO42 (KLuW) [2,3]. These monoclinic
crystals have some of the highest absorption and
emission cross sections for the above two ions, for se-
lected polarizations [4]. In addition, they exhibit
large third-order nonlinear susceptibility χ3 for fre-
quency conversion through stimulated Raman scat-
tering [5]. The three orthogonal principal optical
axes of the biaxial KLuW crystal are defined by
the relation of the refractive indices np < nm < ng.
The principal optical axisNp is parallel to the crystal-
lographic b-direction, while Nm and Ng lie in the a–c
crystallographic plane. The principal optical axis Ng
is at 18.5° clockwise with respect to c when b is direc-
ted toward the observer [6].
The laser operation of Tm:KLuW is reported in [3],
where the tuning range was found to be from 1800 to
1987 nm using an output-coupler transmission
Toc  3%. The broad tuning range indicates a huge
potential of this material for short pulse generation
and is due, to a great extent, to the coupling of the
electrons that participate in an electronic transition
with the phonons of the crystalline host (vibrating at
1
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several frequencies). This permits one to achieve
longer laser wavelengths than those allowed only
by a pure electronic transition, through the addition
of the phonon energy to the electron energy. Such
transitions, originating from electron–phonon cou-
pling, are called vibronic transitions [7]. They have
been observed in several Tm host crystals with diode
pumping in free-running mode, such as the fluorides
BaY2F8 (BaYF) [8], LuLiF4 (LLF) [9], and GdLiF4
(GLF) [10], or by using tuning filters as in the garnets
Y3Al5O12 (YAG) and Y3Sc2Ga3O12 (YSGG) [11], va-
nadates such as GdVO4 [12], sesquioxides such as
Lu2O3 [13] and Sc2O3 [14], and yttrium aluminum
perovskite, YAlO3 [15], also with diode pumping.
The tuning ranges of these vibronic lasers are sum-
marized in Table 1.
We report on the realization of a vibronic laser
based on codoped (Tm, Yb):KLuW crystals. We
achieved oscillation wavelengths in the continuous-
wave regime longer than those permitted by pure
electronic transitions, extending up to ∼2040 nm.
Raman spectroscopy analysis confirmed the possibi-
lity of coupling between the electronic frequencies
(from ions) and vibrational frequencies (from the
host) explaining the observed extended tunability.
Pumping of another monoclinic double tungstate
Tm laser by energy transfer from Yb has already
been demonstrated using Tm;Yb:KYWO42
(KYW) [16]. The present results with the isostructur-
al (Tm, Yb):KLuW crystal are, however, superior.
2. Experimental Setup
For the laser experiments, we grew one (Tm, Yb):
KLuW crystal with 5 at. % Yb doping and 6 at. %
Tm doping levels in solution by means of the
TSSG-SC (top-seeded solution growth, slow cooling)
method. The actual doping level in the crystals was
measured by electron probe microanalysis. Accord-
ing to the optical ellipsoid of KLuW [6], the crystals
were cut for propagation along the Ng principal opti-
cal axis with 3mm thickness and 3 mm × 3 mmaper-
ture along the Np and Nm principal optical directions.
Laser generation around 2 μm in (Tm, Yb):KLuW
was achieved with a 200 μm core diameter
(NA  0.22) fiber-coupled InGaAs laser diode as
pump source, emitting around 975 nm and delivering
45 W of maximum power. The pump beam was fo-
cused onto the crystals with a spot size of 200 μm dia-
meter through a special lens assembly with an
imaging ratio of 1∶1. The spot size of the incident
beam was measured at the 1∕e2 intensity level at
the focus of the lens assembly with a beam profiler.
The two-mirror cavity consisted of a flat input mirror
with antireflection coating for the 770–1050 nm
range and high-reflection coating for the 1800–
2075 nm range, and a concave output coupler
with transmission Toc  1.5%, 3%, and 5% for the
1820–2050 nm range and radius of curvature
Roc  25 mm. The active elements were cooled by cir-
culating water at 16 °C using a copper holder. Indium
foil was used for better thermal contact between crys-
tal and holder.
3. Results and Discussion
Figure 1 shows the output power versus the absorbed
pump power for the codoping ratio giving the best la-
ser performance, (6 at. % Tm, 5 at. % Yb):KLuW, cor-
responding to an actual ion density in the crystal of
4.21 × 1020 at.∕cm3 for Tm and 2.03 × 1020 at.∕cm3
for Yb. The small-signal absorption of the sample
was 75%. The maximum output power achieved
was 227 mW for an absorbed power of 3.2 W with
Toc  1.5% and physical cavity length of L 
27 mm. The slope efficiency η (Fig. 1) is comparable
to that obtained with (Tm, Yb):KYW [16], but the out-
put power is 4 times higher.
Regarding the laser wavelength, Fig. 2 shows
the emission spectra with Toc  1.5% at several
absorbed power levels. Contrary to the work of Cor-
nachia et al. [8], the (Tm, Yb):KLuW laser is intrin-
sically polarized along Nm, as a result of the principal
Table 1. Tunability of Tm Lasers Based on Vibronic Transitions: Examples Selected for Wavelengths Exceeding ∼1950 nm
(Fluorides) and ∼2000 nm (Oxides)






Range (nm) Laser Polarization Ref.
BaYF, monoclinic b–a 8 2.50 1927–1997 Unpolarized [8]
b–a 8 3.79 1930–2001 Unpolarized [8]
b–a 12 1.86 1978–2030 Unpolarized [8]
b–a 18 1.51 1990–2027 Unpolarized [8]
LLF, tetragonal I41∕a a-cut 12 1.92 1985–2015 E‖σ [9]
a-cut 12 2.57 2005–2038 E‖σ [9]
GLF, tetragonal I41∕a a-cut 8 3.70 1826–2054 E‖σ [10]
YAG, cubic Ia3d … 12 3.20 1870–2180 Linear due to birefringent
tuning plate
[11]
YSGG, cubic Ia3d … 12 2.60 1850–2140 Linear due to birefringent
tuning plate
[11]
GdVO4, tetragonal I41∕amd a-cut 6 3.00 1840–1970 E‖σ [12]
Lu2O3, cubic Ia3 … 1 2.76 1900–2110 Linear [13]
Sc2O3, cubic Ia3 … 1 15.0 1975–2168 Linear [14]
YAlO3, orthorhombic Pbnm a-cut 3 8.00 1886–2032 Not available [15]
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optical axis orientation of the crystal. As can be seen,
with increasing absorbed power the laser wavelength
shifts to longer values. This behavior is typical for
quasi-three-level laser systems, since reabsorption
is always present and is affected by the crystal tem-
perature. The emission spectrum is structured, con-
sisting of several apparently stochastic components
spread over a few tens of nanometers.
According to the energy diagram of the Stark le-
vels of the 3F4 and the 3H6 multiplets of Tm, the long-
est wavelength possible from an electronic transition
is 1948 nm, between the lowest Stark level of 3F4
(5663 cm−1) and the highest Stark level of 3H6
(530 cm−1) [17]. This wavelength corresponds to
the minimum possible energy from this electronic
transition in Tm ions in KLuW. The emission spectra
obtained with present setup correspond, however, to
longer wavelengths.
Compared with the laser operation of a singly
doped Tm:KLuW crystal [3], the efficiency is lower
for the codoped system (Tm, Yb):KLuW, which is re-
lated to the losses in energy transfer from Yb to Tm.
Because of the imperfect resonance between energy
levels, this transfer is mediated by phonons. This
means that to populate the 3F4 energy levels there
are more nonradiative processes involved than in
Tm:KLuW pumped at 802 nm, where, in addition,
the quantum efficiency is nearly 2 thanks to the
so-called cross-relaxation phenomenon, which re-
duces the quantum defect in the singly doped Tm
crystal.
In order to analyze which are the main vibrational
frequencies coupled to the 3H6 electrons, in Fig. 3 we
show the lattice frequencies of the (6 at. % Tm, 5 at. %
Yb):KLuW crystal measured using Raman spectro-
scopy in the 100–1000 cm−1 energy range, for the
Ng-cut crystal using an Ar laser beam at 514 nm
for the gmpg and gpmg geometries. As can be
seen, the most intense signal for Nm output polariza-
tion (gpmg) is centered at 906 cm−1. Next is at
218 cm−1, followed by 685 and 757 cm−1. The pho-
nons below 270 cm−1 are associated with transla-
tional modes of the cations (K, Lu3, and W6)
and rotational motion of WO6 groups in the unit cell.
The 270–400 cm−1 range is associated with bending
modes, and the 400–1000 cm−1 region corresponds to
stretching modes [18].
Because the laser is Nm-polarized, we only take
into account the phonons associated with Nm polar-
ization that are also the most intense in the Raman
spectrum. With these vibration frequencies of the
gpmg geometry to explain the long wavelength va-
lues observed (Fig. 2), there should exist a vibronic
transition from the 3F4 energy level (5663 cm−1) to
a virtual terminal level above the 3H6 ground state.
In this way, the wavelength of 2039 nm (4904 cm−1),
obtained at 3.2 Wabsorbed power could be explained
by the coupling of the phonon with 236 cm−1 and an
electron transition to the Stark level of 3H6 with
522 cm−1, while the shortest value, at 1999 nm
(5003 cm−1), obtained at 1.5 W absorbed power in
Fig. 2, results from the coupling of the phonon with
energy 147 cm−1 and an electron transition to the
Stark level with 513 cm−1. In this picture, the energy
levels of the (6 at. % Tm, 5 at. % Yb):KLuW laser
should be as depicted in Fig. 4, where the terminal
laser levels were calculated taking into account
the low-energy phonons with 147, 175, 218, and
236 cm−1 of Fig. 3. The first two correspond to cou-
pling of the vibrations between the out-of-planemode
of the double oxygen bridge and the translational
mode of the K ion, and the last two are associated
with the translational modes of Lu3 ions (Tm3 and
Yb3 in the same site) and K ions, respectively.





















Fig. 1. (Color online) Generated output power versus absorbed
pump power for the (6 at. % Tm, 5 at. % Yb):KLuW laser for several
transmissions of the output coupler.
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Fig. 2. Laser spectra for (6 at. % Tm, 5 at. % Yb):KLuW with
Toc  1.5% at several absorbed power levels.



















































Fig. 3. (Color online) Raman spectra of (6 at. % Tm, 5 at. % Yb):
KLuW for propagation along Ng. The excitation beam is polarized
along Nmgmpg (same as gppg) or Npgpmg (same as gmmg).
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These phonons are coupled to one of the highest
Stark levels of the 3H6 multiplet (513, 522, and
530 cm−1), resulting in the wavelengths shown in
Fig. 2. The 12 calculated virtual energy levels result-
ing from the electron–phonon coupling effect are also
shown in Table 2, where the terminal laser levels are
determined by the algebraic sum of the energy of the
decaying electron with the coupling phonon. The last
value, 2044 nm, should be the next peak predicted by
the coupling that seems to appear in Fig. 2 for
Pabs  3.2 W. In Fig. 4 and Table 2, there is a range
of wavelengths between 2017 and 2028 nm that can
be associated with transitions from the upper Stark
energy level of 3F4 with 5711 cm−1, and the terminal
laser levels are 758 and 766 cm−1, to give the wave-
lengths of 2019 and 2022 nm. The energy level with
5711 cm−1 becomes more populated as the tempera-
ture increases; according to the Boltzmann distribu-
tion, there is an 18% probability of being populated
at room temperature.
The shift of wavelength with pump power can be
explained as follows: The energy is absorbed by
the host, depending on the vibrational frequencies,
resulting in a rise of temperature in the crystal to-
gether with increasing reabsorption effect, which
takes place from the virtual laser levels.
Besides the demonstration of laser operation with
codoped (Tm, Yb):KLuW crystals, the most interest-
ing result of the present work is that we achieved vi-
bronic operation at such long wavelengths pumping
at 975 nm. With pumping at 802 nm, the emission
spectrum exhibited a well-defined peak centered at
1960 nm while the polarization was again along
Nm. The different spectral characteristics indicate
that the Yb sensitization plays an important role
in the vibronic emission. In our previous work using
(2.5 at. % Tm, 5 at. % Yb):KLuW pumped near
980 nm [19], the laser spectrum, for Toc  1.5%
and 1.6 mm of crystal thickness, was centered at
1954.8 nm. In the present work, increasing the Tm
doping in addition to the thickness of the sample en-
hanced the cross-relaxation between Tm ions as well
as the absorption of the incoming power. Conse-
quently, the vibrational activity is stronger in
(6 at. % Tm, 5 at. % Yb):KLuW, resulting in longer
oscillation wavelengths. Laser operation for singly
Tm-doped KLuW with yet a higher doping level
has been reported using thin-disk geometry with
an 80 μm thick, 15 at. % Tm:KLuW/KLuW epitaxy
[20]. The emission spectra were composed of 5–10
narrow lines (1 nm width) spread over 15–30 nm
around 1940 nm when using Toc  0.4%. Such multi-
ple wavelengths could also be explained based on
electron–phonon coupling. Despite the small thick-
ness and the efficient cooling of the thin disk, at si-
milar slope efficiencies as in the present work, higher
temperatures are expected related to the increased
Tm doping and nonoptimized mode-matching mak-
ing the nonradiative processes more pronounced.
4. Conclusion
We have reported on the multifrequency laser emis-
sion of (6 at. % Tm, 5 at. % Yb):KLuW grown by the
TSSG-SC method. Because the multiple nonradia-
tive processes in this crystal are more pronounced
as a result of the sensitization of Yb, the energy
transfer is determined to a greater extent by the ex-
isting vibrational frequencies of the host. The multi-
ple peaks in the laser spectra and the shift to longer
wavelengths with incident power can be explained
by the coupling of vibrational frequencies (phonons)
of the KLuW host with electrons of the 3H6 energy
level of the Tm dopant, resulting in emission wave-
lengths longer than the limit set by pure electronic
transitions.
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agreement 228334; and the German–Spanish bilat-


























Fig. 4. (Color online) Energy levels associated with the (6 at. %
Tm, 5 at. % Yb):KLuW laser.
Table 2. Calculated Virtual Energy Levels according to Coupling of
the Four Low-Energy Phonons of Fig. 3 with the Three Upper Stark
Levels of the Ground-State Multiplet of Tm in KLuWa
λ (nm) ΔE (cm−1) e− (cm−1) ph (cm−1)
Virtual
Level (cm−1)
1999 5003 513 147 660
2002 4994 522 147 669
2006 4985 530 147 677
2010 4975 513 175 688
2012 4970 522 175 697
2017 4957 530 175 705
2028 4931 513 218 731
2031 4924 522 218 740
2035 4914 530 218 748
2036 4911 513 236 749
2039 4904 522 236 758
2044 4892 530 236 766
aThe emitting laser level in the 3F4 multiplet of Tm is 5663 cm−1.
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Epitaxial samples of KLu1xTmx(WO4)2/KLu(WO4)2 (x up to 0.15) have been obtained by the Liquid
Phase Epitaxy (LPE)method. The lattice mismatch between the epitaxial layer and the substrate is small
enough to allow the growth of good quality, well-oriented, single crystalline epilayers as evidenced by the
2q scan of the (0k0) reflections and the rocking curve of the (040) reflection. Electron probemicroanalysis
shows an increase of 1021 Tm3+ at cm3 in a 2.5 mm interval at the substrate/layer interface. The main
morphologies observed in the epilayers are steps and growth spirals. The laser operation around 2 mm,
realized with epitaxial layers of 15 at% Tm doping and three different thicknesses, in a thin disk laser
configuration with only two pump passes through the epitaxial layer, demonstrates maximum average
output power as high as 1.4 W corresponding to a slope efficiency of 40%.
Introduction
Monoclinic KLu(WO4)2 (abbreviated as KLuW) is a highly
anisotropic biaxial crystal that crystallizes in the C2/c space
group with cell parameters: a ¼ 10.576(7) A, b ¼ 10.214(7) A,
c ¼ 7.487(2) A, b ¼ 130.68(4) and Z ¼ 4.1
The large absorption and emission cross-sections of trivalent
lanthanide ions, partially due to the strong anisotropy of KLuW,
together with the relatively large ion separation, allow large
concentrations of lanthanide active ions without significant
fluorescence quenching which makes this crystal host attractive
for solid state lasers.2
Among all the lanthanide active ions, Tm3+ is very interesting
for laser emission at wavelengths near 2 mm which have appli-
cations in the field of medicine, mainly due to the strong optical
absorption by water, and remote sensing (LIDAR) of CO2 and
water in the atmosphere, as well as for pumping Optical Para-
metric Oscillators (OPOs) for conversion in the mid-IR.3
Recently, continuous-wave (CW) laser operation of bulk Tm:
KLuW has been demonstrated with tunability extending from
1800 to 1987 nm, a maximum output power of 4 W and a slope
efficiency of 69%.4 Furthermore, passive mode-locking of such
a thulium bulk laser generating 10 ps pulses near 2 mm with an
average power as high as 240 mW at a repetition rate of 126MHz
has also been achieved.5
Lasers basedon thin films in thin disk configurationhave several
advantages such as high beam quality and optical efficiency, and it
is possible to obtain high power with low thermal lensing because
heat removal efficiency from thin layers is improved in comparison
to bulk crystals.6 Increasing the doping level and simultaneously
reducing the crystal thickness are essential for improving the
thermal management through the larger surface to volume ratio
and for a reduction in the number of pump passes to take advan-
tage of the benefits of the doped monoclinic double tungstates.
Such thulium doped active laser elements for thin disk configura-
tions can be obtained by liquid phase epitaxy (LPE) growth of
monoclinic Tm:KLuW layers on KLuW. CW laser operation of
such a KLu0.945Tm0.055(WO4)2/KLu(WO4)2 (010) epitaxial layer
was first demonstrated in an astigmatically compensated X-type
cavity, yielding a slope efficiency of 64%.7 More recently, a highly
doped KLu0.845Tm0.155(WO4)2/KLu(WO4)2 (010) epitaxial struc-
ture was employed for laser operation in the thin-disk configura-
tion using an 80 mm thick epilayer. Themaximum output power in
the CW regime reached 550 mW with an efficiency of 11.2%.8,9
Furthermore, Tm3+:KY1xGdxLuy(WO4)2/KY(WO4)2 and Yb3+:
KGd1xLux(WO4)2/KY(WO4)2 epitaxies have been grown by
LPE to develop channel waveguide lasers for integrated optics
applications.10,11
Laser efficiency depends on the quality of the crystal and the
substrate–epilayer interface, as well as the thickness and the level
of doping. Therefore, a study on how the doping level and the
growth conditions affect the quality and thickness of the epilayer
is important in order to optimize the laser performance of Tm:
KLuW epitaxial layers. We present here studies of the growth
velocity, the layer quality, the possible mechanisms of epitaxial
growth and the presence of structural defects as functions of
various growth parameters.
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We also present laser operation around 2 mm, for better
comparison initially realized in the quasi-CW (QCW) mode of
operation, with three KLu0.845Tm0.155(WO4)2/KLu(WO4)2
epilayers of the same doping level but different thickness,
achieving output power and efficiency well above those previ-
ously reported in ref. 9.
Experimental details
Substrate crystal growth
KLuW has a polymorphic phase transition at 1298 K while the
phase of interest for laser emission is the monoclinic low
temperature phase. Therefore, KLuW crystals were grown from
high temperature solutions.12 The solvent used was K2W2O7
because of the absence of foreign ions thereby minimizing
contamination and its low melting temperature.13 For single
crystal growth we employed the Top Seeded Solution Growth-
Slow Cooling (TSSG-SC) method.
The crystal growth experiments were carried out in a cylin-
drical vertical furnace as described elsewhere.14 The starting
materials were K2CO3, Lu2O3 and WO3 with purities of 99%,
99.99% and 99.5%, respectively. The solution, with a weight of
about 200 g, was prepared in a 125 cm3 cylindrical platinum
crucible. Its composition, to grow substrates, was 12 mol%
KLuW–88 mol% K2W2O7 according to the solubility curve
obtained previously.13 The axial thermal gradient in the solution
was around 1 K cm1, with the surface of the solution colder than
the bottom. The orientation of the seed was along the crystal-
lographic b direction because previous results indicate that this
orientation is the best in order to obtain good quality crystals.15
After measuring the saturation temperature of the solution,15 the
seed was maintained in contact with the surface of the solution,
while the furnace was cooled down slowly at a rate of 0.1–
0.2 K h1 for about 15–20 K in order to supersaturate the solu-
tion for crystal growth. During the entire growth process, the
crystal was rotated at a rate of 40 rpm. When the crystal was
sufficiently large in size, it was removed slowly from the solution
and maintained slightly above the solution surface while the
furnace was further cooled down at a rate of 25 K h1.
The substrates for LPE growth were obtained by cutting, with
a diamond saw, the bulk crystals in slices perpendicular to the
crystallographic b direction. The dimensions of the first type of
plates, to be used as substrates with the crystallographic c
direction perpendicular to the surface of the solution (hereafter c
oriented substrates), were about 5–6 mm  2 mm  9–12 mm
along the a*, b and c crystallographic directions, respectively. A
second type of substrates was used, with a* perpendicular to the
surface of the solution (hereafter a* oriented substrates); their
typical dimensions were 12–15 mm  2 mm  6–7 mm, along the
a*, b and c crystallographic directions, respectively. After
cutting, the substrates were polished with diamond powder to
achieve a rms roughness lower than 50 nm.
Liquid phase epitaxial growth
The LPE growth runs were carried out in a special furnace built
to have a nearly homogeneous temperature in the whole
solution.14
The starting materials used to prepare the solution were the
same as used for the crystal growth of substrates and Tm2O3
(99.9% purity) substituting Lu2O3 was added for doping
purposes. The solutions were prepared in 30 cm3 platinum
cylindrical crucibles and weighed about 70 g. The solution
composition was 7 mol% Tm:KLuW–93 mol% K2W2O7 with
different levels of substitution of Lu by Tm.
Once the solution was homogenized, accurate measurements
of the saturation temperature and the kinetics of the growth/
dissolution processes were carried out using a KLuW seed.13
These measurements were later used to select the temperature
and growth time of the epitaxial layers.16 Table 1 summarizes the
experiments of epitaxial growth of Tm:KLuW over KLuW
substrates with a* or c orientation for Tm2O3 substitution of
Lu2O3 in the solution ranging from 5 to 15 mol%.
The substrates were cleaned, as described in ref. 16, before
introducing them into the furnace. They were introduced slowly
into the furnace in order to avoid thermal stresses and main-
tained for 1 h above the solution surface to reach thermal equi-
librium with the solution. After that, the substrates were dipped
in the solution at a temperature of 1 K above the saturation
temperature and maintained at this temperature for 5 minutes, in
order to slightly dissolve their surface. The solution temperature
was then decreased down to 6 K below the saturation tempera-
ture, which represents a supersaturation of 5.3%.6 During the
entire epitaxial growth process, the substrate was rotated at 40
rpm. In experiment 2 in Table 1, the substrate was introduced
several millimetres into the solution and was then pulled out in
discrete steps, at known time intervals, to study the effect of the
growth time on the thickness and quality of the epitaxial layer.
The level of substitution of Lu3+ by Tm3+ in the epilayers was
measured by electron probe microanalysis with wavelength
dispersive spectroscopy (EPMA-WDS) using a Cameca SX 50
equipment. Corrections for dead time, background and matrix
effects were carried out using the Pouchou and Pichoir (PAP)
procedure.17 The actual composition of the epilayers for different
levels of Lu3+ substituted by Tm3+ in the solution is also shown in
Table 1, together with the calculated distribution coefficient of
Tm3+ in these layers.
The surface of the epitaxial layers was inspected with a SEN-
SOFAR PLm 2300 confocal microscope in order to evaluate the
sample roughness and the height and width of the steps in
different parts of the layer. The epitaxial thickness was measured
also by the confocal microscope. In some experiments, the layer
thickness was also measured by EPMA to verify the suitability of
the microscope method used.
X-Ray diffraction
To complete the data we previously presented in ref. 18, we have
calculated the unit cell parameters of KLu0.845Tm0.155(WO4)2.
To obtain small single crystals for X-ray powder diffraction
measurements, we used a solution with composition 7 mol% Tm:
KLuW–93 mol% K2W2O7 and 15 mol% of Tm2O3 substituting
Lu2O3. After the homogenization of the solution, a platinum
disk, 12 mm in diameter, rotating at 40 rpm, was dipped into the
solution. Then, the solution temperature was decreased in steps
of 10 K every 30 minutes until crystals were nucleated on the
disk. After that, the solution temperature was decreased at a rate
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of 0.5–1 K h1 for 10 K to grow the crystals. After removing the
crystals from the solution and cleaning them, they were
powdered for X-ray diffraction measurements.
The X-ray powder diffraction patterns were obtained using
a Siemens D-5000 powder diffractometer, with Bragg-Brentano
parafocusing geometry and vertical q–q goniometer. The
measurements were carried out at 2q ¼ 10–70, a step size of
0.02 and a step time of 16 s. The unit cell parameters were
refined with the Fullprof program19 using all the peaks in the
range 2q ¼ 10–70. From these results, we calculated the lattice
mismatch, at room temperature, between Tm:KLuW andKLuW
for different Tm contents.
In order to evaluate the crystallinity of the epitaxial layer and
the substrate, X-ray diffraction measurements on the epitaxial
layer and the substrate of a KLu0.845Tm0.155(WO4)2/KLu(WO4)2
sample were carried out, using a Bruker-AXS D8-Discover
diffractometer equipped with parallel incident beam (G€obel
mirror), a vertical goniometer equipped with a collimator for the
X-ray beam of 500 mm and a GADDS (General Area Diffraction
System) detector of 30  30 cm with a 1024  1024 pixel CCD
sensor. Cu radiation was obtained from a copper X-ray tube
operating at 40 kV and 5 mA. First, a 2q scan was recorded on
the substrate and after that on the epilayer in order to check their
orientations. Data were recorded in two different steps with the
area detector by performing an u-scan with a frame width of 15
in the q range 5–35 and with an integration time of 60 s per
frame. The 2q patterns of the substrate and the film reveal only
the (0k0) reflections, which indicate that the substrate and the
film surfaces are perpendicular to the crystallographic b direc-
tion. After that, an XRD u-scan (rocking curve) of the (040)
reflection of the epitaxial layer and of the substrate were carried
out separately, in order to determine their crystalline quality.
This was necessary because the film was too thick to record the
rocking curves of both the epitaxial layer and the substrate
simultaneously. The measurements were performed with the
same diffractometer with a width of 4, a step size of 0.02 and an
integration time of 5 s per frame.
Thin disk laser samples
Due to the anisotropy of KLuW, optical absorption is strongly
dependent on the light polarization. The optical ellipsoid in such
biaxial crystals is defined by the three orthogonal principal axes
Np, Nm and Ng with associated refractive index values np < nm <
ng.
1 In bulk Tm-doped KLuW, the maximum absorption cross-
section of the electric dipole transition 3H6 /
3H4 for EkNm
amounts to sabs¼ 5.95 1020 cm2 (FWHM¼ 4 nm) at 802 nm.3
To confirm the final thickness of the epilayers, after the cut and
polishing process, this thickness was calculated using the value of
the transmittance of the samples for thin disk experiments for
light polarized along Nm at the maximum absorption.
The epitaxy faces were high-reflection (HR) coated for laser
(1800–2000 nm) and pump (802 nm) wavelengths and bonded to
an indium plated copper heat sink with a thermo-conductive
epoxy. The heat sink was cooled with a thermoelectric element to
20 C. The substrate faces were anti-reflection (AR) coated for
both laser and pump wavelengths. The pump source was an
AlGaAs diode laser emitting at 805 nm with 20 W of maximum
power and the pump spot onto the sample was 780 mm in
diameter. A linear cavity was used with the epitaxy coated
surface as an end mirror and an output coupler with radius of
curvature Roc ¼ 40 mm and transmission (Toc) of 2.8% in the
1800–2000 nm range.
Experimental results and discussion
Substrate crystal growth
The single crystals of KLuW grown by the TSSG method were
colorless, transparent and free from inclusions and cracks.
Fig. 1a shows a typical KLuW single crystal before being cut for
substrates and in Fig. 1b there is a scheme showing the indices of
the faces. As seen in the figure, the crystal habit is formed
primarily by the {110}, {010} and {111} faces. Previous studies
indicated that the growth on the (010) face has the highest
velocity and also the best quality,10 which concurs with the poor
development of this face in the bulk crystals and also with its
F-face nature (large interplanar distance).1 According to the
Hartman–Perdok theory, a layer by layer crystal growth mech-
anism on this face is expected. Furthermore, the (010) plane is
a principal optical plane which permits the propagation of light
perpendicular to it, with polarization EkNm for which this
material presents the maximum absorption and emission cross-
sections.
Liquid phase epitaxial growth
As already mentioned, the LPE experiments performed on cut
and polished KLuW plates are summarized in Table 1. In all
Table 1 Epitaxial growth experiments, conditions of growth, composition and morphologies of the epitaxies. Here at% Tm is the [Tm]/([Tm] + [Lu])
atomic ratio in the solution and KTm is the actual distribution coefficient of Tm in the epitaxial layer
Exp. at% Tm Substrate orientation Growth time/h KTm Crystal composition Surface morphologies
1 5 c 4 1.10  0.06 KLu0.945Tm0.055(WO4)2 Flat surface
2 5 c 1, 2.5, 7, 20, 22, 26 Flat surface with growth steps
3 7.5 c 4 1.15  0.02 KLu0.913Tm0.087(WO4)2 Flat surface, some spirals and hillocks
4 7.5 a* 4 Flat surface
5 10 c 4 1.03  0.02 KLu0.897Tm0.103(WO4)2 Spirals and steps
6 10 c 5 Flat surface, some spirals
7 10 a* 4 Pyramids, inclusions and steps
8 15 c 5 1.04  0.02 KLu0.845Tm0.155(WO4)2 Flat surface
9 15 c 17 Flat surface
10 15 c 21 Flat surface, some steps and spirals
11 15 c 24 Flat surface, cracks
This journal is ª The Royal Society of Chemistry 2012 CrystEngComm, 2012, 14, 223–229 | 225
UNIVERSITAT ROVIRA I VIRGILI 
MONOCLINIC TM:KLU(W04)2: A NEW CRYSTAL FOR EFFICIENT DIODE-PUMPED CONTINUOUS-WAVE AND Q-SWITCHED LASERS 
Martha Yamile Segura Sarmiento 
DL: T.667-2012 
   
  
 
experiments, a superficial dissolution of the substrate took place
by maintaining the solution temperature at 1 K above the satu-
ration temperature for 5 min.
The Tm3+ substitution of Lu3+ in the solution for LPE growth
varied from 5 at% to 15 at%. No significant differences in the
surface morphologies were observed for the two different
substrate orientations, c and a* perpendicular to the surface of
the solution (see Table 1), which were used. The distribution
coefficient of Tm3+ in these crystals, included in Table 1, is
calculated as: KTm ¼ {[Tm]/([Tm] + [Lu])}crystal/{[Tm]/([Tm] +
[Lu])}solution. The error in the Tm
3+ concentration measurements
is 5% for the epitaxial layers with lower Tm3+ concentration (5%
Tm3+ substituting Lu3+ in the solution) and 2% for the other
samples, while the error in the resulting distribution coefficient of
Tm3+ is in the order of 102 as can be seen in Table 1. Also, the
distribution coefficients are only slightly >1 and get closer to 1
for higher Tm3+ concentrations. The homogeneity of the
epitaxial layer, studied by EPMA-WDS, was assessed by
measuring the crystal composition in a direction perpendicular to
the substrate/layer interface, from the outer part of the layer to
the interface. As can be seen in Fig. 2, the epitaxial layer is
homogeneous within the measurement error and the Tm3+
concentration change in the substrate/layer interface is on the
order of 1021 at cm3.
The epitaxial layers were generally smooth, although when
their thickness increases, morphologies such as growth spirals
and steps were increasingly observed. When the growth rate was
fast enough and the lattice mismatch was larger than 0.11,
additional growth defects such as growth pyramids and solution
inclusions were observed. As an example, Fig. 3a shows
a photograph recorded on a confocal microscope of the inter-
action of two growth spirals of opposite sign obtained in the
epitaxial layer grown in experiment 5 (Table 1). A similar growth
morphology was also observed and studied in ref. 13 for the
epitaxial growth of Yb:KLuW/KLuW.
The width and height of the steps located around the central
hillock were measured with the same microscope. It is observed
that near the center, the steps have a height and width lower than
their values at larger distances. At distances 3 to 6 times the
characteristic radius (r) of the central hillock, typical steps of 10–
15 mm high and 15–20 mm wide were observed (see Fig. 3). As in
the case of Yb-doped epitaxial layers, no polygonalization of the
Fig. 1 (a) As-grown KLuW bulk single crystal for substrate slicing (the
small squares are 1  1 mm2) and (b) crystal scheme showing the indices
of the faces.
Fig. 2 Tm-density distribution for the (010) face of the
KLu0.845Tm0.155(WO4)2/KLu(WO4)2 epitaxial sample.
Fig. 3 (a) Photograph of the interaction of two growth spirals of
opposite sign observed in the KLu0.897Tm0.103(WO4)2/KLu(WO4)2
epitaxial layer obtained in experiment 5 (Table 1) and (b) profile of the
growth steps at a distance from the center between 3 and 6 times the
characteristic radius (r) of the central hillock.
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micromorphologies has been observed, indicating a predominant
role of the diffusion effects in the crystal growth rather than
structural effects.13
Fig. 4a and b show the region where two growth spiral fronts
collide. The collision region between the two spirals is clearly
observed in the figure by a change in the direction of the steps. A
profile of this region is shown in Fig. 4c. It can be seen that when
two spirals collide, a depression is created and the height and
width of the steps at both sides of the depression sometimes are
slightly different, as in this example.
Another defect that was observed when the Lu3+ substitution
by Tm3+ in the epilayer was at least 10 mol% ((010) layer/
substrate lattice mismatch larger than 0.11) is the presence of
periodic inclusions.9 As an example, Fig. 5 shows a photograph
(top view) of the periodic inclusions observed on epilayers grown
on (010) faces for lattice mismatches larger than 0.11 and fast
growth rates.
In experiment 2 (Table 1), as already mentioned, the effect of
the growth time on the layer thickness was studied by keeping all
the other growth conditions constant. For this study, a KLuW
substrate was dipped several millimetres into the solution and
after that it was pulled at known time intervals. Fig. 6 shows the
variation of layer thickness with time of growth. As can be
observed, there is a linear dependence of the epitaxial thickness
on the growth time, at least up to 26 hours of growth, with
a growth rate of 14.3 mm h1. These results differ from the
previously observed behavior in the epitaxial growth of Yb-
doped KLuW layers, for which the growth velocity dropped with
time, e.g. down to 7.1 mm h1 after 22 h.13
In order to optimize the pumping absorption versus the layer
thickness for laser experiments, we grew several
KLu0.845Tm0.155(WO4)2 epitaxies in experiments 8 to 11 inTable 1.
X-Ray diffraction
The unit cell parameters of Tm:KLuW, for different Tm
concentrations, are shown in Table 2. Using these data and the
unit cell parameters of KLuW, the lattice mismatches between
the substrate and the epitaxial layer were calculated. The
expression used to calculate the lattice mismatch was f(hkl) ¼
(S(hkl),(layer)  S(hkl),(subs))/S(hkl),(subs) where S(hkl),(layer) and
S(hkl),(subs) are the areas obtained from the periodicity vectors
(hkl) of the layer and the substrate, respectively. The results
obtained are also presented in Table 2.
For all doping levels, the positive lattice mismatch indicates
a compressive strain between the layer and the substrate, the
epilayer being compressed. In ytterbium doped epitaxies the
lattice mismatch tendency was f(100) > f(010) > f(hkl) t c. For
thulium doping, as can be concluded from Table 2, the same
behavior is observed.
Fig. 4 (a and b) Collision zone of two growth spiral fronts in the
KLu0.897Tm0.103(WO4)2/KLu(WO4)2 epitaxial layer obtained in experi-
ment 5 (Table 1), and (c) profile of the growth steps on both sides of the
collision zone of the two spirals.
Fig. 5 Periodic inclusions observed in epilayers for high growth rates
when the layer/substrate lattice mismatch exceeds 0.11.
Fig. 6 Layer thickness as a function of time of growth (experiment 2,
Table 1).
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From the 2q scan of the substrate and the epitaxial layer of
a KLu0.845Tm0.155(WO4)2/KLu(WO4)2 sample, showing only the
(0k0) reflections (Fig. 7), one can conclude that the orientation of
the film and the substrate is perpendicular to the b crystallo-
graphic direction and that both are single-crystalline. From the
rocking curves of the (040) reflection in the epitaxial layer and the
substrate of the same sample (inset of Fig. 7), one can see that
there are no significant changes in the position of the peaks and
the measurements of the FWHM intensity of the (0k0) reflections
show similar values for the epitaxial layer and the substrate.
Laser experiments
The samples for laser experiments were 15 at% Tm doped with
actual composition KLu0.845Tm0.155(WO4)2/KLu(WO4)2 and
concentration of [Tm3+] ¼ 1.01  1021 at cm3 (calculated using
an unit cell volume of 613.3 A3). The final thicknesses of the three
epilayers were 168, 253, and 476 mm, respectively, with an error
of 2% (see Fig. 8) and the thickness of substrates was 2 mm. The
as-grown epitaxy and the composite after polishing, coating and
mounting in the copper holder for laser experiments are shown in
Fig. 9.
The output power dependence is shown in Fig. 10 for all the
samples in the QCW regime. The slope efficiencies, with respect
to the absorbed power in double pass pumping, were in the 40–
46% range and the maximum average output power amounted to
1.4 W, with the 476 mm thick epitaxial sample. These values are
3–4 times higher than those reported in ref. 8 under the same
conditions. Thicker layers with increasing absorption seem to be
more promising for scaling to higher output powers.
As can be seen in Fig. 10, the maximum output power
increases from 1.20 to 1.35 and 1.41 W, for 168, 253 and 476 mm
thickness, respectively. However, this is a conclusion based on
the fixed double pass pump configuration, Tm-concentration and
other cavity parameters. In fact, even at the reduced thermal
requirements defined by the QCW regime, the thinner samples
indicate a trend of increasing efficiency presumably related to the
mentioned aspect ratio.
The optimum length of the cavity was 15.5 mm in all cases. The
laser emission spectra were centered at 1917, 1921 and 1947 nm
for the 168, 253 and 476 mm thick epitaxial samples, respectively.
The longer oscillation wavelengths for increasing epilayer
thickness are a consequence of the increasing reabsorption. The
threshold varies with layer thickness from 0.455 to 0.632 W and
Table 2 Unit cell parameters of Tm:KLuW and lattice mismatch (f) between KLuW substrate and Tm:KLuW epitaxial layer
Epitaxial layer a/A b/A c/A b/ f{010} f{100} f{hkl} t c
KLu0.945Tm0.055(WO4)2 10.5934 10.2409 7.4994 130.745 0.0859 0.0873 0.0663
KLu0.913Tm0.087(WO4)2 10.5937 10.2432 7.5001 130.744 0.0996 0.1191 0.0692
KLu0.897Tm0.103(WO4)2 10.5941 10.2456 7.5006 130.740 0.1161 0.1492 0.0804
KLu0.845Tm0.155(WO4)2 10.5950 10.2476 7.5018 130.744 0.1346 0.1848 0.1001
Fig. 7 2q scan of the (0k0) reflections in the epitaxial layer and the
substrate of a KLu0.845Tm0.155(WO4)2/KLu(WO4)2 sample. Inset: rock-
ing curve of the (040) reflection from the epitaxial layer and the substrate
of the same sample.
Fig. 8 Polarized transmittance of the epitaxial samples in the 750–850
pump wavelength range, with estimation of the final thicknesses at room
temperature.
Fig. 9 (a) The as grown Tm:KLuW/KLuW epitaxy (the squares are 1 
1 mm2) and (b) the same sample after cutting, polishing, coating and
mounting on the heat sink for laser experiments.
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the estimated pump absorption of the epilayers under lasing
conditions is 68%, 83% and 95%, respectively, showing good
agreement with the low-signal transmission measurements.
Conclusions
High quality epitaxial layers of KLu1xTmx(WO4)2 over (010)
KLu(WO4)2 substrates have been obtained by the LPE method,
with up to 15 at% of Lu3+ substituted by Tm3+ in the solution.
EPMA measurements show a Tm3+ distribution coefficient very
close to unity. From the results of EPMA, we also conclude that
the epilayer is homogeneous within the measurement error. The
lattice mismatch between the epitaxy and the substrate, with up
to 15 at% of Lu3+ substituted by Tm3+, is less than 0.14 in the
{010} plane, which makes it possible to obtain a layer/substrate
interface free from macroscopic defects. The epitaxial layer is
single-crystalline, as evidenced by the 2q scan which reveals only
the (0k0) peaks. The main morphologies observed in the grown
layers are steps and growth spirals, although some pyramids and
periodic inclusions have also been observed for fast growth rates
and high levels of substitution.
We have shown preliminary results on thin disk laser opera-
tion using 15 at% Tm doping and epitaxial layer thickness of 168,
253 and 476 mm. Optimum laser performance was characterized
by a maximum output power of 1.4 W in the QCW regime
corresponding to 40% slope efficiency, achieved with the 476 mm
thick epitaxial sample in a two pass only pump configuration.
Future work will focus on power scaling and further improve-
ment of the laser efficiency by optimization of the doping level,
variation of the output couplers and the number of pump passes,
both in the QCW and true CW modes of operation.
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A diode-pumped thin-disk laser based on Tm:KLuWO42∕KLuWO42 epitaxies is realized. The emission is in the
1850–1945 nm spectral range for Tm-doping between 5 and 15 at. %. The maximum slope efficiency of 47% with
respect to the absorbed power obtained with 5 at. % Tm:KLuWO42∕KLuWO42 corresponds to a maximum output
power of ∼6 W in cw operation. © 2012 Optical Society of America
OCIS codes: 140.3070, 140.3480.
The first demonstration of a thin-disk laser in the 2 μm
wavelength range was based on a relatively thick
(500 μm) 10 at. % Tm-doped YAG crystal yielding output
powers up to 2 W [1]. An even thicker, 650 μm crystal of 6
at. % Tm:YAG was used later by the same group [2] to
produce output powers up to 4 W but, in this case, it
is difficult to qualify the laser as a thin disk because the
beam diameter was less than two times larger than
the thickness of the active element. The temperature
of the heat sink applied was −30 °C and −17 °C, respec-
tively, and the crystals had to be thick enough for suffi-
cient absorption in eight pump passes. Room
temperature operation of Tm3:Lu2O3 thin-disk lasers
with similar aspect ratios and 24 pump passes has been
demonstrated for 200, 300, and 500 μm thickness but the
true cw output power did not exceed 0.5 W because of
thermal effects [3]. A Ho:YAG thin-disk laser has been
also reported, yielding an output power of up to 9.4 W
at 2090 nm with a 400 μm thick low-doped (2 at. %) sam-
ple in a 24 pump pass geometry [4]. However, this laser
was pumped by a tunable Tm:YLF laser and not by
diodes. For similar disk parameters, these results were
recently scaled in output power to 15 W using Tm-fiber
pump lasers [5].
The first thin-disk laser based on Tm-doped monoclinic
double tungstate crystal (such crystals exhibit maximum
absorption and emission cross sections and minimum
concentration quenching) was based on 15 at. %
Tm:KYWO42 with thicknesses of 200, 250, and 300 μm
[6]. Four pump passes were employed under diode pump-
ing with beam sizes a few times larger than the sample
thickness, reaching an output power of 4.9 W at 1950 nm
[6]. It is known that the power handling capability of the
thin-disk concept scales inversely proportional to the
thickness. Epitaxial layers are more difficult to be grown
on anisotropic materials but exactly such crystals exhibit
large absorption compatible with minimum sample thick-
ness. The monoclinic double tungstates already proved
their great potential for the thin-disk concept in the form
of epitaxy, e.g., Yb:KLuWO42 (KLuW), greatly simplify-
ing the design to only two pump passes [7]. The first epi-
taxial Tm:KLuW/KLuW laser was in fact not a thin disk,
but the 130-μm-thick 5 at. % doped layer was longitudin-
ally pumped in a single pass [8].
More recently, we realized the first diode-pumped thin-
disk Tm-laser based on an epitaxial layer of Tm:KLuW
grown on undoped KLuW substrate with two pump
passes [9,10], however, the slope efficiency was consid-
erably lower than in [8]. In the present work, we study
epitaxies of 5 to 15 at. % Tm doping and different layer
thickness employing two and four pump passes, greatly
improving the slope efficiency and reaching true cw out-
put power of ∼6 W.
Epitaxial structures consisting of 5, 7.5, 10, and 15 at. %
Tm-doped KLuW layers grown on substrates of undoped
KLuW were fabricated according to the procedure de-
scribed in detail in [9,10]. One of the samples is shown
in Fig. 1. The active thin-disk elements were prepared
with dimensions of ∼3.5mm × 4mm × 2.5mm where
2.5 mm is the thickness of the substrate plus the layer.
The final Tm-doped layer thickness after polishing was
between 160 and 450 μmwith a variation of<4 μm across
the face.
First, a dielectric coating, highly reflecting both at 1940
and 808 nm, was deposited on the epitaxial side of the
active elements, then a metallic coating was added for
soldering them to the copper heat sink (solder thickness
∼10 μm). The measured reflection at both laser and
pump wavelengths was >99.9%. Finally, the substrate
Fig. 1. (Color online) Photograph of a 5 at. % Tm:KLuW/KLuW
epitaxy with numbers denoting the thickness of the epitaxial
layer in micrometers.
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side of the active elements was antireflection coated,
again for both wavelengths, and the measured residual
reflection from this surface did not exceed 0.1% at
1940 and 808 nm. The coatings for the pump wavelength
were optimized for the 30° angle of incidence.
The laser experiments were performed using two or
four passes of the pump through the Tm-doped epitaxial
layers (even four passes means single retro-reflection of
the pump which is rather simple) with nearly circular
pump spot of ∼780 μm diameter on the sample. The
shaped pump beam from the laser diode was polarized
along the Nm principal optical axis of KLuW for maxi-
mum absorption. The physical length of the two mirror
cavity was 15 mm. The epitaxies served as plane rear re-
flectors while the concave output mirror had a radius of
curvature of −40 mm and transmission ∼3% (see Fig. 3
for details). Information on the measurement diagnostics
can be found in [9,10].
The epitaxial Tm:KLuW/KLuW laser output was polar-
ized, parallel to the Nm principal optical axis, as could be
expected from the much higher gain in comparison to
polarization along Ng for Npb-cut samples.
Figure 2 shows the input–output characteristics in the
quasi-cw (QCW) regime with a duty cycle of 18% (the
duration of the current pulses was 9.0 ms and the period
amounted to 49.8 ms) for the double pump pass scheme
where the absorbed power is calculated as the difference
between the incident and transmitted pump powers.
The maximum average incident QCW pump power ap-
plied was 4.32 W. The highest slope efficiency of 47% with
respect to the absorbed power was obtained for a 5 at. %
dopedepitaxial layerof 250μmthickness [Fig. 2a,Table 1].
This is within the typical range for bulk Tm:KLuW [11] and
the corresponding optical efficiency amounts to 43%. The
main results obtained with the six samples studied in the
QCW regime for two pump passes are summarized in
Table 1.
A typical output spectrum of the laser is shown in
Fig. 3. As previously observed [9,10], all spectra are struc-
tured, consisting of a few nonequidistant discrete lines
with a spectral width of ∼1 nm. According to Fig. 3, for
transmission of ∼4.4% and ∼3% of the same output cou-
pler, generation occurs simultaneously near 1850 and
1915 nm. From the known unsaturated gain cross sec-
tions of Tm:KLuW, see Fig. 4 in [11], the thickness and
the doping level of the epitaxial layer, it is possible to es-
timate the upper laser level (3F4) population, for which
the single pass gain of this epitaxy equals 2.2% (1.5%) at a
wavelength of 1850 nm (1915 nm), Fig. 3. In both cases,
∼35% of the Tm ions are in the excited state, which cor-
responds to rather high population inversion even under
the assumption that no additional parasitic losses are
present. The laser spectrum shifts to longer wavelengths
with the absorption of the epitaxial layer (Table 1) as can
































Fig. 3. (Color online) Normalized spectrum of the 5 at. %
Tm:KLuW/KLuW epitaxial thin-disk laser in the QCW regime
with two pump passes (blue) and output mirror transmission
(red).
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Fig. 2. (Color online) QCW output power of the Tm:KLuW/
KLuW epitaxial thin-disk laser versus absorbed pump power
at 805 nm for two pump passes: (a) 5 and 10 at. % and
(b) 15 at. % Tm doping. The lines represent linear fits for esti-
mation of the slope efficiency.
Table 1. Slope Efficiency, Threshold, and Spectral Characteristics of the Different Tm:KLuW/KLuW
Thin-Disk Epitaxial Samples in the QCW Regime with 18% Duty Cycle, Two Pump Passes,













5 250 47 0.08 ∼1855 ∼12
10 160 38 0.31 ∼1850 ∼15
10 220 42 0.27 1917 10
15 160 46 0.29 1920 10
15 250 43 0.36 1930 25
15 450 40 0.50 1945 10
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Finally, we investigated the best sample in true CW re-
gime. Figure 4 shows the input–output characteristics of
the laser for the 5 at. % doped epitaxial layer of 250 μm
thickness with four pump passes. The slope efficiency
with respect to the incident pump power is ∼31% in this
case. The estimated crystal absorption is ∼66% and this
leads to slope efficiency with respect to the absorbed
power of 47%, in good agreement with the QCW results
[Fig. 2a, Table 1]. Similarly, the optical efficiency with
respect to the absorbed power is 42%.
The upper photograph in Fig. 4 shows the 5 at. % epi-
taxial crystal just below the damage threshold (output
power of 5.9 W). At an incident pump power above 23 W,
damage occurred (lower photograph in Fig. 4). The cor-
responding incident pump intensity was ∼4.8 kW∕cm2.
The dependence of such damage threshold on the spot
size and the epitaxial layer thickness is of primary impor-
tance for further improvement of the results and will be
the subject of our next studies.
In comparison with our preliminary experiments re-
ported in [9,10], we achieved substantial improvement
of the thin-disk epitaxial Tm laser results in terms of
slope efficiency (∼4 times) and output power (∼10
times). The present slope efficiency is thus much closer
to the best results achieved with Ti:sapphire laser pump-
ing in a normal, longitudinally pumped epitaxial
Tm:KLuW/KLuW laser at low powers [8]. The experimen-
tal results confirm that thermal management and match-
ing of the pump spot shape and size are essential factors
for the achievable efficiency. It is very interesting that the
slope efficiency remains almost unchanged at higher
doping levels if the epitaxial layer thickness is reduced
(Table 1), although fluorescence quenching for Tm3
is known to be present even for KLuW where the ion–
ion separations are relatively large [11]. This means that
future experiments might be performed for the first time
with sub-100 μm epitaxial layer thickness for the present
maximum doping level of 15 at. %, which will still corre-
spond to the optical density of the 5 at. % Tm-doped epi-
taxial sample in Table 1. This is expected to lead to better
heat dissipation from the active volume of the thin disk.
On the other hand, it becomes interesting to manufacture
epitaxies with yet higher doping levels and assess their
performance under similar conditions of diode pumping.
Concerning power scaling, considerable improvement
of the present results should be possible by simply using
a more powerful pump source and larger pumped area
because the power extraction per pumped area exceeds
12 W∕mm2. Pump wavelengths closer to the optimum for
Nm polarization in Tm:KLuW (∼802 nm) will permit a re-
duction in the epitaxial layer thickness and/or the use of
simpler double-pass pumping.
In conclusion, similar to their Yb-doped analogs [7], Tm-
doped monoclinic double tungstates are very promising
for use as epitaxial layers in thin-disk lasers to simplify
drastically the pump geometry to a simple retroreflection
(or even a single pass) at a layer thickness that ensures
efficient heat dissipation, which is essential for materials
exhibiting modest thermal conductivity.
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Fig. 4. (Color online) True cw output power of the 5 at. %
Tm:KLuW/KLuW laser versus incident pump power at 805 nm
for four pump passes. SE, slope efficiency; OE, optical effi-
ciency. The insets show the sample just before damage (blue
color due to upconversion) and after the fracture (red scattered
light).
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Abstract: Single pulse energies as high as 145 µJ were generated with a 
passively Q-switched diode-pumped Tm:KLu(WO4)2 laser using poly-
crystalline Cr2+:ZnS as a saturable absorber. The maximum average power 
reached 0.39 W at a pulse repetition rate of 2.7 kHz with pulse durations in 
the 25 – 30 ns range. The maximum peak power amounted to 6 kW. The 
obtained results agree well with theoretical analysis. 
©2012 Optical Society of America 
OCIS codes: (140.3540) Lasers, Q-switched; (140.3070) Infrared and far-infrared lasers; 
(140.3480) Lasers, diode-pumped. 
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1. Introduction 
The eye-safe laser emission region around 2 µm covered by Tm3+, Ho3+ and codoped (Tm3+-
Ho3+) active media is important for medical applications, mainly due to the strong optical 
absorption by water, and remote sensing (LIDAR) of CO2 and water in the atmosphere, as 
well as for pumping Optical Parametric Oscillators (OPO’s) for conversion into the mid-IR 
[1]. The Tm ion, emitting on the 3F4 → 
3H6 transition, is attractive because its absorption band 
around 800 nm matches the emission of AlGaAs laser diodes designed for Nd3+-ion pumping. 
Passive Q-switching (PQS) of such diode-pumped solid state lasers (DPSSL) by a saturable 
absorber (SA) is a common technique to generate short and high peak power pulses, mainly 
due to the simplicity and low cost of the cavity design. It has been applied to several Tm-
doped laser materials such as YAG [2], KY(WO4)2 [3,4], and YAP [5] using Cr
2+:ZnSe and 
Cr2+:ZnS crystals, PbS quantum dots, and InGaAs/GaAs semiconductor based SAs. 
Concerning the monoclinic double tungstates, PQS around 1.9 µm with Cr2+:ZnS and 
Cr2+:ZnSe SAs was demonstrated using Tm3+:KY(WO4)2 and codoped Yb
3+,Tm3+:KY(WO4)2 
[3]. The best result of 116 mW output power at a repetition rate of 20 kHz with Yb3+,Tm3+: 
KY(WO4)2 and Cr
2+:ZnS corresponds to a single pulse energy of 6.7 µJ and a pulse duration 
of 63 ns. Note that such high repetition rates do not allow one to fully utilize the long storage 
time of Tm which intrinsically limits the pulse energy. More recently, PQS of Tm3+: 
KY(WO4)2 has been achieved also using PbS-doped glass as SA [4]. In this set-up, up to 44 
µJ of single pulse energy was produced at a repetition rate of 2.5 kHz but for the pulse 
duration only an upper detection limit of 60 ns was given. 
Concerning other Tm3+-doped crystals, semiconductor based SAs have been used for PQS 
of a Tm3+:YAP laser in [5] achieving a maximum pulse energy of 28.1 µJ at a repetition rate 
of 43.7 kHz, however, the pulse duration, 447 ns, was rather long. The highest pulse energy 
(~400 µJ) from a diode-pumped PQS laser, to the best of our knowledge, has been achieved in 
Tm3+:YAG using Cr2+:ZnSe as SA [2]: However, the pulse duration in this laser was also 
untypically long for PQS (about 300 ns), resulting in a peak power of about 1 kW. 
A good choice of SA for PQS must fulfil the relation ISAσSA>Igσ0 [6] where ISA is the laser 
intensity in the SA, σSA is the absorption cross-section of the SA at the laser wavelength, Ig is 
the intensity of the laser beam in the gain medium and σ0 is the stimulated emission cross-
section of the gain medium. Also the SA must have a short upper level lifetime compared to 
that of the gain medium. Long gain upper lifetimes ensure high energy storage and 
consequently high energy output pulses. For instance, the upper lifetime of Tm:YAG (~10 ms 
[7]) is few times longer than in monoclinic double tungstates (see Table 1). 
In this paper, we report on PQS of a DPSSL based on the monoclinic potassium lutetium 
tungstate KLu(WO4)2, doped with 3 at.% Tm
3+, hereafter Tm:KLuW. In these biaxial crystals, 
three principal optical axes exist associated with the three refractive indices, np<nm<ng. The 
Np principal optical axis is parallel to the b crystallographic axis. The other two axes of the 
optical ellipsoid, Nm and Ng, lie in the a-c crystallographic plane and the location of Ng with 
respect to the c crystallographic axis is at 18.5° in the clockwise direction when b is pointing 
towards the observer [8]. The relevant properties of Tm:KLuW are summarized in Table 1, 
see [8–12]. Among them are the high absorption and emission cross sections for the pump and 
laser radiation for the selected polarization along Nm and the possibility of high doping level. 
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Table 1. Properties of Tm:KLuW (* undoped crystal). 
Doping level (solution) 3 at.% Tm 
Ion concentration 2 × 1020 at/cm3 
Pump wavelength, λp [10] 802 nm, E//Nm 
Absorption cross section, σa [10] 5.95 × 10
−20 cm2 for E//Nm 
Absorption linewidth [10] 4 nm, E//Nm 
Stimulated emission cross section, σ0 (1920 nm) [10] 1.38 × 10
−20 cm2 
3F4 fluorescence lifetime, τa [10] 1.34 ms 
Saturation intensity (I = hc/σaτaλp) 3.1 kW/cm2 
Thermal expansion coefficient (10−6 K−1)* [11] αp = 3.35, αm = 11.19, αg = 14.55 
Thermal conductivity at 300 K (W/m K)* [11] κp = 2.36, κm = 3.41, κg = 3.59 
dnp/dT, dnm/dT, dng/dT (10−6 K−1)* [12] −10.8, −1.6, −7.4 
Refractive indices at 1946 nm* [8] np = 1.96, nm = 2.01, ng = 2.06 
2. Experimental setup 
High optical quality Tm:KLuW crystals were grown by the Top Seeded Solution Growth 
Slow Cooling (TSSG-SC) method, according to the procedure described in [13]. For the laser 
experiments, we constructed an L-shape hemispherical resonator depicted in Fig. 1. The pump 
was delivered through the plane mirror (M1), antireflection (AR) coated for the pump 
wavelength (802 nm) and high reflection (HR) coated for the laser wavelength (1900-2400 
nm). As output coupler (M3) we tested mirrors with transmission Toc = 5% and 10% (1820-
2050 nm) and radius of curvature Roc = −75 mm. The bending mirror (M2) was plane, ARs-
pol,p-pol(45°, 790-820 nm) and HRs-pol(45°, 1700-2280 nm) + HRp-pol(45°, 1790-2120 nm). The 
pump source was a fiber-coupled (NA = 0.22, 200 µm core diameter) AlGaAs diode laser 
delivering up to 10 W at 802 nm (DILAS). The active elements were cut for propagation 
along the Ng direction with dimensions 2 × 3 × 3 mm
3 along Np × Nm × Ng. The AR-coated 
samples (both for pump and laser wavelengths) were mounted in a Cu holder with circulating 
water at 16°C for heat dissipation. The incident pump beam was focused to a 200 µm spot 
diameter on the crystal with a lens assembly of 20 mm focal length. The polycrystalline 
Cr2+:ZnS SA samples (IPG Photonics), were specified with low signal transmission (corrected 
for Fresnel reflections) of T0 = 78, 85 and 92% at 1910 nm. The AR-coating reduced the 
reflection to about 1% per surface. The SAs were 2.2 mm thick, with lateral dimensions of 4.5 
× 9.3 mm2. The output pulses were detected with a fast InGaAs photodiode with <35 ps 
risetime and measured with a LeCroy oscilloscope with 1 GHz bandwidth. 
 
Fig. 1. Setup of the PQS Tm:KLuW laser. SA: Cr2+:ZnS saturable absorber, M1: dichroic 
pump mirror, M2: HR-laser, HT-pump mirror, M3: output coupler. 
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In our preliminary work on PQS of the Tm:KLuW laser in a linear cavity [14] we established 
that it is rather difficult to stabilize the pulse train, mainly due to the direct heating of the SA 
(in that case Cr2+:ZnSe with T0 = 75% at 1950 nm) by the residual non-absorbed pump. Thus, 
the maximum pulse energy achieved with Tm:KLuW was 16 µJ. To improve this 
performance, we designed the 3 mirror L-shaped cavity described before, with a length of L1 
+ L2 = Lc and L1 = 30 mm, in which the folding mirror transmits the non-absorbed pump. 
In the present work we used polycrystalline Cr2+:ZnS samples as SA. It was not possible 
to obtain Q-switching with the Cr2+:ZnSe plates because the fluence was not high enough to 
bleach Cr2+:ZnSe at the longer distance between SA and pump mirror in the folded cavity. 
Additionally, the initial transmissions of Cr2+:ZnSe at 1910 nm were lower (50%, 76% and 
78%) compared to the applied Cr2+:ZnS samples. The estimated laser beam diameters were 
140 and 350 µm at the Tm:KLuW crystal and SA position (LSA = 40 mm), respectively. The 
absorption cross-section at 1920 nm of Cr2+:ZnS SA is 4 × 10−19 cm2 and the emission cross-
section of the laser crystal at the same wavelength is 1.38 × 10−20 cm2. Together with the spot 
sizes of the laser beam at the laser crystal and the SA this gives ISAσSA~4.6 Igσ0 that matches 
with the criteria exposed in the introduction. 









































Incident power (W)  
Fig. 2. CW and passively Q-switched power characteristics of the Tm:KLuW laser with Toc = 
10% and Roc = −75 mm output coupler and different SAs. 
 
Fig. 3. PQS characteristics of the Tm:KLuW laser with a) Toc = 10% for T0 = 92%, 85% and 
78% Cr2+:ZnS SAs, and b) Toc = 5% for T0 = 92%. 
The CW and PQS performance of the laser with Tm:KLuW crystal, naturally polarized 
along Nm, is shown in Fig. 2 for Toc = 10%. In all cases the cavity length was decreased from 
74 mm in CW mode to 73 mm in PQS regime compensating the optical path in the SA 
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(n~2.27 at 1.9 µm). Figure 3a shows the average output power, repetition rate, pulse energy 
and pulse duration (FWHM) obtained in stable PQS regime using Toc = 10% and Fig. 3b the 
same parameters with Toc = 5% for which only the T0 = 92% SA ensured stable operation. For 
Toc = 10%, the SA with T0 = 92% Q-switched the laser in almost any position in the second 
arm but the highest output power was obtained at the maximum possible separation from the 
output coupler, LSA = 40 mm (350 µm spot size). For Toc = 5%, with the same SA most stable 
operation was achieved at LSA = 20 mm (400 µm spot size). The maximum average output 
power amounted to 0.39 W with Toc = 10% and 0.26 W with Toc = 5% at incident pump 
powers of 4.2 and 3.5 W, respectively, the limits set by SA bleaching. At the same pump 
levels, the output power in the CW regime (SA removed), was 0.66 and 0.75 W for Toc = 10% 
(Fig. 2) and 5% (not shown), respectively, which translates into CW to PQS conversion of 
59% and 35%, respectively. The estimated small-signal absorption of the Tm:KLuW crystal 
was 70%, so that the net pump efficiency in the PQS regime was 13% and 11% for Toc = 10% 
and 5%, respectively. 
 
Fig. 4. Dependence of the pulse repetition rate (prr) and single pulse shapes on the pump level 
using Toc = 10% and Cr2+:ZnS SA with T0 = 92%. 
The laser wavelength in PQS operation for Toc = 5% was λL = 1918 nm with 2 nm 
bandwidth, while the laser emission for Toc = 10% was in the λL = 1917-1925 nm range. The 
instabilities of the pulse train reduce with when the pumping power increased, e.g. from ± 
20% at Pinc = 3.5 W (Fig. 4a) to ± 10% at Pinc = 4.2 W (Fig. 4c) for Toc = 10%. The pulse 
shapes corresponding to these cases are shown in Figs. 4b and 4d. With the T0 = 92% SA, the 
pulse duration was slightly shorter for Toc = 10% in comparison to Toc = 5%, decreasing 
typically from ~30 ns to ~24 ns. The shortest pulses (~10 ns) for Toc = 10% were obtained 
with the T0 = 78% SA for a pulse energy of 50 µJ (Fig. 3a), the peak power is 5 kW. 
The repetition rate at maximum power with Toc = 5% was 2 kHz corresponding to a 
maximum single pulse energy of 127 µJ and maximum peak power of 4.4 kW. The maximum 
energy achieved with Toc = 10% was 145 µJ at a repetition rate of 2.7 kHz, with peak power 
of 6 kW. In fact this energy corresponded to saturation at incident pump powers ~4 W, with 
further increase of the average output power only due to the increasing repetition rate (Fig. 3). 
The quality of the beam, determined by the knife-edge method, was Mx
2 = My
2 = 1.2. 
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4. Theoretical analysis of the passively Q-switched Tm:KLuW laser performance 
The optimal PQS parameters can be calculated following an analytical approach [15]. They 
can be expressed in terms of a single variable z = 2g0 l/δ, where 2g0 l is the small-signal gain 
and δ is the round-trip loss due to diffraction, scattering and absorption. To determine these 
two, it is possible to apply the Findlay-Clay method [15] assuming good thermal management 
and minimum reabsorption losses so that Tm:KLuW can be considered as quasi-three level 
laser. This method uses the relationship between loss and threshold gain, so that the pump 




ln 2 .exc p
p s
R P g l
A I
η
δ δ− = − = −  (1) 
where ηexc is the excitation efficiency, Ap is the area of the pump beam in the crystal and Is is 
the saturation intensity. Using mirrors with Toc = 1.5, 3, 5, 9 and 15% in CW operation the 
loss per round trip obtained is 9%, and the small-signal gain is 0.204 Pp, in this way, the 
parameter z is determined and depends only on Pp. The output energy is then given by 
 
0






= − −  (2) 
where A is the area of the laser beam (70 µm radius), hν is the photon energy and γ is one for 
four-level lasers or two for three-level lasers. Finally, the pulse duration is also determined by 
 
2 ln




c z a aδ
 
∆ =  − − 
 (3) 
with ( 1) / ( ln )a z z z= − . The calculated optimum parameters for the Tm:KLuW laser are 
shown in Fig. 5 together with the experimental results obtained with Toc = 10% and T0 = 92%, 
85% and 78%. There is a good agreement in the pulse energy for incident power in the 2.2 – 
3.4 W range (T0 = 92%), at higher powers saturation is experimentally observed, not taken 
into account in the model. The theory predicts well also the pulse durations for T0 = 85% and 
78%. 
 
Fig. 5. Experimental results compared with a) calculated pulse energy and b) pulse duration, 
depending on the incident power for the Tm:KLuW crystal and Toc = 10%. 
5. Conclusion 
We have achieved passive Q-switching operation of a diode-pumped Tm:KLuW laser 
emitting near 1920 nm using polycrystalline Cr2+:ZnS samples as saturable absorbers. The 
best results without optical damage were obtained with Toc = 10% and T0 = 92% for 3 at.% 
Tm doping in terms of maximum energy of 145 µJ, pulse durations in the 24 – 30 ns range, 
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repetition rate around 2.7 kHz and 0.39 W of average output power. In comparison with [3], 
based on similar laser crystal and SA, the improvement achieved is by a factor >3 in the 
average power, >20 in the pulse energy and >50 in the peak power. In fact, with the present 
setup, average output powers of 0.6 W and pulse energies of 200 µJ could be reached at 
incident pump power of 7 W for T0 = 92% and Toc = 10% at 3 kHz. However, at such high 
intracavity fluence we observed SA damage within minutes, even in positions close to the 
output coupler. Further improvement of the present results can be expected for SAs with 
T0>92%. We conclude that polycrystalline Cr
2+:ZnS is superior as SA at wavelengths around 
2 µm in comparison with PbS quantum dots-doped glass [4] or semiconductor SAs [5] for 
PQS of diode-pumped Tm-lasers. 
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Panyutin, Uwe Griebner and Valentin Petrov
Proceedings of SPIE, 8039, 803902 (2011)
159
UNIVERSITAT ROVIRA I VIRGILI 
MONOCLINIC TM:KLU(W04)2: A NEW CRYSTAL FOR EFFICIENT DIODE-PUMPED CONTINUOUS-WAVE AND Q-SWITCHED LASERS 
Martha Yamile Segura Sarmiento 
DL: T.667-2012 
   
  
 
UNIVERSITAT ROVIRA I VIRGILI 
MONOCLINIC TM:KLU(W04)2: A NEW CRYSTAL FOR EFFICIENT DIODE-PUMPED CONTINUOUS-WAVE AND Q-SWITCHED LASERS 
Martha Yamile Segura Sarmiento 
DL: T.667-2012 





Pulsed 2-micron lasers based on Tm3+-doped monoclinic double 
tungstate crystals 
 
X. Mateos* a,b, M. Seguraa, W. B. Choc, A. Schmidtb, F. Rotermundc, M. C. Pujola, J. J. Carvajala, 
M. Aguilóa, F. Díaza, V. Panyutinb, U. Griebnerb, V. Petrovb 
aFísica i Cristal·lografia de Materials i Nanomaterials, FiCMA-FiCNA, 43007 Tarragona, Spain           
bMax-Born-Institute for Nonlinear Optics and Short Pulse Spectroscopy, Max-Born-Str. 2a, D-12489 
Berlin, Germany 
cDivision of Energy Systems Research, Ajou University, San 5 Wonchun-dong, 443-749 Suwon, 
Republic of Korea 
ABSTRACT   
Monoclinic crystals of Tm-doped KLu(WO4)2 were used to demonstrate pulsed laser operation near 2 µm. Passive Q-
switching and passive mode-locking were the techniques employed to produce such laser pulses. For passive Q-
switching we used an AlGaAs –based diode laser to pump the active elements and Cr:ZnSe and Cr:ZnS crystals as 
saturable absorbers. For passive mode-locking we used a Ti:sapphire laser as pump source and single-walled carbon 
nanotubes as saturable absorbers. In the former case, maximum pulse energies of 200 µJ for a pulse duration of 70 ns 
were achieved at a repetition rate of 3 kHz with Cr:ZnS saturable absorber, while in the latter case, ultrashort pulse 
durations of ~10 ps were measured with a maximum average power of 240 mW. In both laser regimes the oscillation 
wavelength was ~1945 nm. 
 
1. INTRODUCTION  
1.1 Pulsed 2 µm solid-state lasers 
Scientific interest in diode-pumped solid state laser systems based on the 3F4 → 3H6 transition in thulium ions (Tm) near 
2 µm is clearly growing due to the possibility for efficient diode pumping with AlGaAs laser diodes well developed for 
neodymium (Nd) lasers. Thulium lasers operating around 2 µm are interesting for applications related to the strong water 
and human tissue absorption, their “eye-safe” characteristics, and the low atmospheric absorption, e.g. in remote sensing 
(lidar)1 or medicine (surgery)2. Continuous-wave (CW) thulium lasers are suitable for pumping CW or Q-switched Ho-
lasers which operate at slightly longer wavelengths above 2 µm. Short pulse Q-switched thulium lasers are suitable for 
pumping both high-power ns mid-IR OPOs based on ZnGeP2 3 used for directed counter measures and gain-switched Ho-
lasers4. Novel applications in the future will be possible by ultrashort pulse (mode-locked) Tm-lasers in chirped pulse 
optical parametric amplification because their wavelength lies close to degeneracy for pumping with high-power 1 µm 
laser sources5. The oscillation wavelength of Tm- and Ho-lasers is in general very suitable for frequency conversion into 
the mid-IR spectral range due to the availability of highly-nonlinear crystals with low band-gap.  
Recently, numerous Tm-doped materials showed high efficiency and output power in CW and Q-switched laser 
operation. Much higher energies and average powers were demonstrated by active Q-switching but passive Q-switching 
offers the advantages of simpler design and, when optimized, shorter pulse durations and consequently higher peak 
powers. Diode-pumped passive Q-switching was achieved in Tm:YAG6 reaching a maximum energy pulse of 0.4 mJ 
with pulse widths of 300 ns. Concerning the double tungstates, passively Q-switched laser operation around 1.9 µm with 
Cr2+:ZnS and Cr2+:ZnSe saturable absorbers (SA) was demonstrated with Tm3+:KY(WO4)2 and codoped 
Yb3+,Tm3+:KY(WO4)27. The best result of 116 mW of average output power at a repetition rate of 20 kHz with 
Yb3+,Tm3+:KY(WO4)2 and Cr2+:ZnS corresponds to a single pulse energy of 6.7 µJ and a pulse duration of 63 ns. Note 
that such high repetition rates do not allow to fully utilize the long storage time of Tm (e.g. 1.34 ms in KLu(WO4)28) 
which intrinsically limits the pulse energy. Very recently, passive Q-switching of Tm:KY(WO4)2 has been demonstrated 
also using PbS-doped glass as SA9. In this set-up, up to 44 µJ of single pulse energy was produced at a repetition rate of 
2.5 kHz and the estimated pulse duration was in the 14 – 21 ns range. 
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Tm bulk lasers have usually been mode-locked only by active amplitude modulation. Acousto-optic modulation 
produced 45 ps long pulses at 2.02 µm with Cr:Tm:YAG10 and 35-ps pulses at 2.01 µm with Tm:YAG11. Nonlinear 
polarization rotation12,13, semiconductor saturable absorber mirrors (SESAMs)14, and carbon nanototube saturable 
absorbers15,16 have been successfully used to passively mode-lock Tm-fiber lasers, but Tm bulk lasers with their higher 
sensitivity to cavity losses have only been recently passively mode-locked17. Output powers of mode-locked Tm-fiber 
lasers appear intrinsically limited, with reported values in the mW range or below. Only very recently 178 mW were 
achieved with a double clad fiber13. 
 
2. MATERIAL PROPERTIES AND CW LASER OPERATION  
2.1 Laser material, the monoclinic Tm:KLu(WO4)2 crystal 
The monoclinic potassium double tungstates, with general formula KRE(WO4)2 (RE=Y, Gd and Lu), have great 
potential to cover the low and medium power range (~10 W, limited by the thermo-mechanical properties) as 
demonstrated near 1 µm for Nd18,19 and Yb20,21 doping and near 2 µm for Tm22,23. The reasons are the relatively large ion 
separation allowing highest doping levels with minimum quenching effect and the highest absorption and emission cross 
sections which is partly due to the strong anisotropy of the biaxial host24. Thulium doped potassium double tungstates 
exhibit maximum absorption cross section for the 3H6 → 3H4 transition slightly above 800 nm with a relatively large 
linewidth which makes them ideal for diode pumping with AlGaAs diodes. The relatively broad emission spectrum and 
the combination of high gain cross section and relatively short upper level lifetime is advantageous for passive mode-
locking.  
Tm:KLu(WO4)2 crystal, shortly KLuW, is a member of the monoclinic potassium double tungstate family. The lattice 
parameters in the C2/c space group are: a = 10.576(7)Å , b = 10.214(7)Å , c = 7.487(2)Å, β = 130.68(4)º, and Z = 4. A 
detailed structural study is found in8,25. In these biaxial crystals, three principal optical directions exist associated with 
the three refractive indices. The Np principal optical axis is parallel to the b crystallographic axis. The other two axes of 
the optical ellipsoid, Nm and Ng, lie in the a-c crystallographic plane and the location of Ng with respect to the c 
crystallographic axis is at 18.5º in the clockwise direction when b is pointing towards the observer. Figure 1 shows as 
example a 3% Tm:KLuW crystal grown by the Top Seeded Solution Growth method and the spectroscopic features of 

















Figure 1. Left, KLuW crystal grown for laser purposes with 3 %at. Tm-doping. Right, a) polarized absorption cross section of 
Tm around 800 nm for the three principal optical directions. b and c),  polarized absorption and calculated emission cross-
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2.2 Continuous-wave laser generation in diode-pumped Tm:KLu(WO4)2 crystal 
Previous studies focused on CW laser operation of 3% at.Tm in KLuW reaching a maximum output power of Pout = 4 W 
at an incident pump power of Pin = 15 W with an optimum transmission of the output coupler Toc = 3% and operating at 
λL = 1946 nm. The resonator configuration was a simple linear 2 mirror cavity22. The slope efficiency calculated with 
respect to the absorbed pump power amounted to η=69% and the maximum optical efficiency reached 47%. This was the 
first time such high powers were generated with Tm-doped monoclinic double tungstates because previously, the highest 
power reported with a double tungstate Tm-host (KYW) was 1.8 W26, obtained with a similar cavity design and pump 
source. Also in terms of slope efficiency these results were superior if compared with the highest values previously 
reported with double tungstates (44 and 53% with Tm:KYW26,27) or any other Tm-host. Note that assuming a quantum 
efficiency of 2 for the cross-relaxation process, the slope efficiency limit is 82%. Thus we reached 84% of the theoretical 
limit, while 83% had been reported only for Tm:YAG planar waveguides with Ti:sapphire laser pumping28. Obviously 
the cross-relaxation was very efficient in Tm:KLuW even at a doping level of 3%.  
 
3. Q-SWITCHED LASER OPERATION 
3.1 Experimental set-up for Q-switched laser operation of Tm:KLuW  
Q-switched laser operation of Tm:KLuW has been studied using two different kinds of saturable absorbers (SAs), 
Cr:ZnSe and Cr:ZnS crystals and two different cavity designs. 
For the laser experiments, we constructed a linear two mirror cavity (Fig. 2a). The flat pump mirror was antireflection 
(AR) coated for the 780 to 1020 nm range and highly reflecting (HR) for the 1800-2075 nm range. The concave output 
couplers used had 50 mm radius of curvature (Roc) and different transmission (Toc) for the 1820-2050 nm range. The 
active element was a 3 at.% Tm:KLuW crystal, a doping level which showed optimum performance in the CW regime 
with Ti:sapphire laser and diode pumping22. The dimensions of the crystal were 1.5 × 3 × 3 mm3 along Np × Nm × Ng 
principal optical directions with the propagation of the beam along Ng. The faces of the crystal normal to Ng were AR 
coated for the pump and laser wavelengths. The crystal was mounted in a copper holder maintained by water cooling at 
16ºC and positioned close to the pump mirror.  
The pump source was a fiber-coupled (NA = 0.22, core diameter = 200 µm) high power AlGaAs diode laser delivering 
up to 20 W with emission spectrum in the 804–807 nm range depending on the current level.  
The Cr:ZnSe SA was placed near the crystal so that the pump beam also reached the SA. To avoid heating of the SA due 
to the residual non-absorbed pump power, we constructed an L-shape hemispherical resonator depicted in Fig. 2b 
consisting of a plane mirror (M1) with AR-coating for the pump wavelength (770-1050 nm) and HR-coating for the laser 
wavelength (1800-2075 nm). As output couplers (M3) we tested mirrors with Roc = 75 mm and different Toc = 5%, 9% 
and 15% at the laser wavelength (1820-2050 nm). The 45° bending mirror (M2) was plane, transmitting the pump 
radiation (790-820 nm) and HR for both s- (1700-2280 nm) and p- (1790-2120 nm) polarizations.  
 
(a)       (b) 
 
Figure 2. Cavity set-ups used to Q-switch the Tm:KLuW laser. 
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3.2 Q-switched laser operation results  
With the nearly hemispherical configuration (physical cavity length: 50 mm) of Fig. 2a, and once the SA (Cr:ZnSe) was 
introduced in the cavity, the pulsed operation started but the regime was not stable. We noticed a significant increase of 
the temperature of the SA, therefore we limited the pump power to 9.6 W to avoid any risk of damage. The laser could 
be stabilized then by careful alignment of the SA for exact normal incidence, shortening the cavity length to about 
42 mm and modifying the fluence on the SA by translating it along the cavity although the output characteristics were 
not very sensitive to the position of the SA in the cavity. Depending on the pump level the repetition rate of the laser 
ranged from 0.84 to 6.5 kHz. The pulse duration ranged from 7.3 ns (FWHM) to 4.7 ns depending on the pump power. 
The maximum average power was 104 mW for an incident pump power of 9.6 W. The corresponding slope efficiency 
was ~2.3 % with respect to the incident power. The reflection losses of the uncoated Cr:ZnSe SA, the larger pump spot 
diameter (200 µm compared to 120 µm as in Ref. 22) and the deviation from the optimum cavity length compared to that 
in the CW regime are the main reasons for this drop in the output power in comparison to the CW regime. At a repetition 
rate of 6.5 kHz the maximum average output power corresponds to a single pulse energy of 16 μJ. This leads to a peak 
power estimation of 3.4 kW for the pulse duration of 4.7 ns. Note, that in the work of Batay et. al.7, the peak powers 
were ~0.1 kW for the best combination of Yb,Tm:KY(WO4)2 with Cr:ZnS. The use of Cr:ZnS as SA in the linear cavity 
shown in Fig. 2a was unsuccessful. 
In the L-shaped cavity shown in Fig. 2b, the Cr:ZnS SA shown much better performance and it was possible to study 
several output couplers with different transmission. Toc= 9% was the only coupling that allowed extremely stable and 
easy to achieve Q-switched pulses. With this Toc, the SA produced Q-switched pulses in almost any position of the 
second arm and by modifying the fluence we could achieve the highest average output power in Q-switched regime in 
this experiment by placing the SA with a transmission of T0=92% at 1910 nm at a distance of 2.5 cm from the output 
coupler. We also studied other low-signal transmissions of the SA, namely, 85% and 78%. The power characteristics for 
Toc= 9% for all the three SA's are shown in Fig. 3. A maximum average output power of ~0.6 W was generated with 
T0=92%. The average output power was lower for the SA’s with lower transmission. 
 
Figure 3. Average output power (Pout) versus incident power (Pinc) for three low-signal transmissions (T0) of the SA. The 
lines show linear fits for the slope efficiency η. 
 
The repetition rate, pulse energy and pulse width versus incident pump power are shown in Fig. 4 for Toc = 5% and 9%. 
As can be seen in the case of Toc = 9%, where the Q-switched laser performance was superior, the repetition frequency 
ranged from 0.4 kHz to 3 kHz depending on the incident power. The pulse duration remained almost unchanged around 
70 ns and the pulse energy increased with the incident pump power up to 200 µJ.  
With Toc = 5% (see Fig. 4) and 15% (not shown) the average output power was saturated when the incident power 
reached 3.2 W and 4.2 W, respectively. As expected, the pulse width was nearly constant for Toc=5% around 100 ns. 
With Toc=15% it was not possible to measure a representative pulse width due to instabilities. By comparing the Q-
switched laser performance with the different output couplers used, it appears that Toc= 15% did not produce enough 











Circles = T0=92%, η=12%
Triangles = T0=85%, η=8%
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intracavity power to successfully saturate the SA so that only very unstable Q-switching could be observed. On the other 
hand the intracavity power with Toc= 5% was too high for Pinc exceeding 3.2 W to obtain stable Q-switching. Figure 5 
shows a typical pulse train and single pulse of the Q-switched Tm:KLuW laser. 
 
 
Figure 4. Repetition rate, pulse width (FWHM) and pulse energy for Toc= 5% (left) and 9% (right). 
 
Figure 5. a) Pulse train recorded at 0.581 kHz and b) single pulse with a duration of 70 ns of the Q-switched Tm:KLuW 
laser for Toc= 9%. 
 
4. MODE-LOCKED LASER OPERATION 
A CW Ti:sapphire laser tuned to 802 nm was used as a pump source in the mode-locked regime experiments. The laser 
delivered a maximum output power of 3.5 W near 800 nm when pumped with 25 W of an Argon laser. The laser set-up 
shown in Fig. 6 was an astigmatically compensated 5-mirror cavity with a total length of ~1 m. Output couplers (M5 in 
the figure) with transmission Toc = 1.5, 3, 5 and 10% were used. M1, M2, M3 and M4 were HR > 99.9% mirrors from 



















































































































λ = 1923 nm
Pinc= 4 W
FWHM = 70 ns



















Proc. of SPIE Vol. 8039  803902-5
UNIVERSITAT ROVIRA I VIRGILI 
MONOCLINIC TM:KLU(W04)2: A NEW CRYSTAL FOR EFFICIENT DIODE-PUMPED CONTINUOUS-WAVE AND Q-SWITCHED LASERS 
Martha Yamile Segura Sarmiento 
DL: T.667-2012 





mirror (M3) of Roc= 100 mm and an Roc = 50 mm end mirror (M4) produce a second cavity waist for the single-walled 
carbon nanotube SA, SWCNT-SA. 
 
Figure 6. Cavity set-up for mode-locking experiments 
 
The 3at.% Tm:KLuW sample was 2.92 mm thick with an aperture of 3×3 mm2. It was cut such that the laser propagation 
was along the Ng principal optical axis and the laser polarization parallel to the Nm optical axis. The crystal was cooled 
through a water cooled Cu holder. The active element was positioned under Brewster angle between the two folding 
mirrors (M1 and M2). This inclination determines the laser polarization and the pump polarization was always in the 
same plane. In the position of the Tm-crystal, the pump spot had a Gaussian waist of 37 µm. The SA, a transmission-type 
SWCNT, was inserted at Brewster angle close to the second waist in the cavity, between mirrors M3 and M4. This 
second waist was estimated to be around 30 µm. 
Q-switched and mode-locked regimes were achieved using the SWCNT-SA. Mode-locking was very stable without any 
sign of Q-switching instabilities. Slight realignment of the cavity was sufficient to switch between the different operating 
modes, modifying the effective beam waist on the SWCNT-SA. For the given spot size of 30 µm on the SA and the 
saturation fluence of Tm:KLuW at 1950 nm22, we estimate stable mode-locked operation29 for output powers 
P > 10 mW. Given that this is close to the threshold for mode-locking, the laser is practically unconditionally stable 
against Q-switched mode-locking, which is explained by the small saturation fluence of the SWCNT-SA as well as its 
small modulation depth. However, increasing the spot size on the absorber to > 90 µm, Q-switched mode-locking is 
expected for the entire range of output powers achievable with our pump source. 
In Q-switched operation the laser operated at ~33 kHz repetition rate, and an average output power of 170 mW was 
measured. Only cavity alignment and especially optimization of the position of the SWCNT-SA in the direction of the 
beam propagation close to the waist allowed achieving stable mode-locking rather than Q-switching. Once this 
alignment was found, mode-locking was self-starting and very stable. When reducing the pump power almost down to 
the laser threshold, mode-locking could be sustained with only slight cavity realignment. No degradation or damage of 
the SWCNT-SA was observed. 
Mode-locked pulse duration was measured with an intensity autocorrelation in a 6 mm-thick type-I β-barium borate (β-
BBO) crystal. Figure 7(a) shows the autocorrelation trace recorded at an output power of > 200 mW. Assuming a sech2-
shaped pulse, the pulse duration amounts to 9.7 ps (FWHM). We recorded the laser spectrum with a spectrometer at a 
spectral resolution of 0.2 nm. The spectrum was centered near 1944 nm, see Fig. 7(b), and exhibited a spectral 
bandwidth (FWHM) of 0.45 nm. This corresponds to a time-bandwidth product of 0.347, which is close to the Fourier 
limit for a sech2 pulse. 
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    Fig. 7. a) Autocorrelation trace and b) laser spectrum of the SWCNT-SA mode-locked Tm:KLuW laser 
 
Figure 8 shows the measured average output power versus the incident pump power in the mode-locked regime. The 
maximum output of 240 mW was obtained for a pump level of 1.86 W at 802 nm pump wavelength. Pump absorption in 
the crystal amounted to ~85%. Higher average power was readily generated with increasing pump power, however, the 
laser became unstable, and the emerging multiple pulsing could not be suppressed easily. 


















incident pump power [W]  
Fig. 8. Average output power versus incident pump power, measured with 1.5% output coupler transmission. 
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5. CONCLUSIONS 
Pulsed laser operation with Tm:KLuW crystals was demonstrated in two regimes, Q-switching and mode-locking. Q-
switched operation was studied using Cr:ZnSe and Cr:ZnS crystals as saturable absorbers. By using the Cr:ZnSe 
saturable absorber and a hemispherical laser cavity the maximum pulse energy achieved was 16 μJ at a repetition rate of 
6.5 kHz. In terms of peak power the improvement in comparison to previous work with alternative monoclinic double 
tungstates7 is more than 30 times. By using an L-shaped cavity and a Cr:ZnS saturable absorber, the maximum pulse 
energy could be drastically increased to 200 μJ at a repetition frequency of 3 kHz. 
Passively mode-locked operation of the Tm:KLuW laser was demonstrated around 2 µm using a transmission-type 
SWCNT-SA. Bandwidth-limited pulses with duration of ~10 ps at 1944 νm were generated in a self-starting and stable 
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single-pulse regime. Average powers up to 240 mW at a repetition rate of 126 MHz were obtained. The same SWCNT-
SA enabled pure Q-switching at ~33 kHz as well as mode-locking. Previous CW laser experiments with Tm:KLuW 
indicated a wide tuning range sufficient to host pulses of sub-50 fs duration22. Consequently, further experiments will be 
directed towards exploitation of this bandwidth potential for femtosecond pulses. The combination of Tm:KLuW and 
SWCNT-SAs therefore appears promising for passively mode-locked solid-state femtosecond oscillators in the emerging 
wavelength range around 2 µm. 
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Passive Q-switching of a diode-pumped (Tm,Yb):KLu(WO4)2 laser, operating between 1910 and 1950 nm, has been 
achieved using polycrystalline Cr2+:ZnS as a saturable absorber in a hemispherical L-shaped cavity. The dependence on 
the doping levels of Tm and Yb and the low-signal absorption of the saturable absorber has been studied. The highest 
average output power reached 272 mW at a repetition rate of 2.04 kHz corresponding to a pulse energy of 133 µJ. This 
was achieved with (8.8 at. % Tm, 2.3 at. % Yb):KLu(WO4)2 active element and a saturable absorber with 85% low-
signal transmission. The highest pulse energy, 148 µJ, was achieved with the same combination at lower (0.94 kHz) 
repetition rate. The obtained pulse energy with the different samples is compared with theoretical analysis and the pulse 
duration and peak power are estimated from the calculations. 
 





The eye-safe laser emission around 2 μm based on the 3F4 → 3H6 transition of Tm3+-ions is interesting for medical 
applications and remote sensing (LIDAR) mainly due to the strong optical absorption by water, as well as for pumping 
Optical Parametric Oscillators (OPO’s) for efficient frequency conversion into the mid-IR.1 High-energy pulses and high 
peak powers are advantageous for these applications since the energy is concentrated in a short time interval 
corresponding to relatively low average power if compared to a continuous-wave (CW) regime of operation. For medical 
applications, the pulse duration and energy are important parameters because they determine the interaction mechanisms 
with the tissue.2 For OPO pumping, shorter pulses from Q-switched lasers permit to reach the threshold before damage to 
the nonlinear crystal occurs.  
Passive Q-switching (PQS) of diode-pumped solid-state lasers (DPSSL) by an intracavity saturable absorber (SA) is a 
common technique to generate short and high peak power pulses, mainly due to the simplicity and low cost. The pulse 
duration is shorter than typically achievable by active Q-switching. PQS has been applied to several Tm3+-doped laser 
materials such as YAG,3 KY(WO4)2,4,5 and YAP,6 using Cr2+:ZnSe and Cr2+:ZnS crystals, PbS quantum dots, and 
InGaAs/GaAs semiconductor based SAs. Semiconductor based SAs have been used for PQS of a Tm3+:YAP laser6 
achieving a maximum pulse energy of 28.1 µJ at a repetition rate of 43.7 kHz, however, the pulse duration, 447 ns, was 
rather long. The highest pulse energy (~400 µJ) from a diode-pumped PQS laser has been achieved in Tm3+:YAG using 
Cr2+:ZnSe as SA:3 However, the pulse duration in this laser was also untypically long for PQS (about 300 ns), resulting 
in a peak power of about 1 kW. 
Concerning the monoclinic double tungstates, PQS around 1.9 µm with Cr2+:ZnS and Cr2+:ZnSe SAs was demonstrated 
using Tm3+:KY(WO4)2 and co-doped Yb3+,Tm3+:KY(WO4)2.4 The best result of 116 mW output power at a repetition 
rate of 20 kHz with Yb3+,Tm3+: KY(WO4)2 and Cr2+:ZnS corresponds to a single pulse energy of 6.7 µJ and a pulse 
duration of 63 ns. Note that such high repetition rates do not allow one to fully utilize the long storage time of Tm which 
intrinsically limits the pulse energy. More recently, PQS of Tm3+:KY(WO4)2 has been achieved also using PbS-doped 
Solid State Lasers XXI: Technology and Devices, edited by W. Andrew Clarkson, Ramesh K. Shori, 
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glass as SA.5 In this set-up, up to 44 µJ of single pulse energy was produced at a repetition rate of 2.5 kHz but for the 
pulse duration only an upper detection limit of 60 ns was given. 
For efficient PQS operation, the SA must have a short upper level lifetime compared to that of the gain medium.7 
Additionally, long upper level lifetimes of the active medium ensure high energy storage capability and consequently 
high energy output pulses.8 For instance, the upper lifetime of Tm:YAG (~10 ms) is few times longer than in monoclinic 
double tungstates but its low emission cross-section (σe=0.22×10-20 cm2 at 2011 nm) results in relatively long pulses.8,9 
In this work, we report on PQS of a DPSSL based on the monoclinic potassium lutetium double tungstate KLu(WO4)2, 
co-doped with Tm and Yb, hereafter (Tm,Yb):KLuW. Yb3+ co-doping is interesting in order to establish the influence of 
Tm3+→Yb3+ energy-transfer when pumping directly the Tm ion, for the laser operation on the 3F4→3H6 transition. 
Moreover, better results in PQS regime were reported with a similar co-doped system in comparison to single Tm-
doping.4 In these biaxial crystals, three principal optical axes exist associated with the three refractive indices, np<nm<ng. 
The Np principal optical axis is parallel to the b crystallographic axis. The other two axes of the optical ellipsoid, Nm and 
Ng, lie in the a-c crystallographic plane and the location of Ng with respect to the c crystallographic axis is at 18.5º in the 
clockwise direction when b is pointing towards the observer.10 The monoclinic double tungstates are established as laser 
hosts for Tm and Yb ions11 and more recently also for Ho.12 Among their attractive properties are the very high 
absorption and emission cross-sections for a certain polarization which is not necessarily associated with shorter upper 
level lifetime because for other polarizations the cross sections are normally  much lower. For instance, the absorption 
cross-section of Tm:KLuW at 802 nm amounts to σa=5.95×10-20 cm2 for polarization parallel to Nm and the emission 
cross-section at 1946 nm amounts to σe=1.2×10-20 cm2 for the same polarization while the upper laser level lifetime is 
still τf=1.34 ms (3.7 at. % Tm doping).13 
Recently, we reported PQS of singly doped 3 at. % Tm:KLuW with 145 μJ maximum pulse energy at a repetition rate of 
2.7 kHz and pulse durations in the 25–30 ns range.14 Here we analyze the PQS performance of several (Tm,Yb):KLuW 
crystals in terms of output pulse energy. Maximum Q-switched pulse energy of 148 μJ is achieved with (8.8 at. % Tm, 





High optical quality (Tm,Yb):KLuW crystals were grown by the Top Seeded Solution Growth Slow Cooling (TSSG-SC) 
method15 maintaining the Yb doping level around 2.5 at. %. The actual composition of the crystals was measured by 
Electron-Probe Micro Analysis (EPMA): (1) (2.7Tm, 2.5Yb), (2) (4.2Tm, 2.2Yb), (3) (6.5Tm, 3.1Yb) and (4) (8.8Tm, 
2.3Yb), for the sake of simplicity the doping levels are specified in at. % in all cases (1) to (4). 
 
 
Fig. 1. Setup of the PQS (Tm,Yb):KLuW laser. SA: Cr2+:ZnS saturable absorber, M1: dichroic pump mirror, M2: HR-laser, HT-pump 
mirror, M3: output coupler. 
 
For the laser experiments, we constructed an L-shape hemispherical resonator depicted in Fig. 1. The advantage of this 
cavity is that the non-absorbed pump power cannot reach the SA which we observed to cause instabilities in simple two-
mirror cavities. The pump was delivered through the plane mirror (M1), antireflection (AR) coated for the pump 
wavelength and high reflection (HR) coated for the laser wavelength (1820-2050 nm). As output coupler (M3) we used a 
curved mirror with transmission of TOC = 1.5%, 3%, 5%, and 9% (1820-2050 nm) and radius of curvature ROC = -75 mm. 
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The bending mirror (M2) was plane, ARs-pol,p-pol(45°, 790-820 nm) and HRs-pol(45°, 1700-2280 nm) + HRp-pol(45°, 1790-
2120 nm). The pump source was a fiber-coupled (NA = 0.22, 200 µm core diameter) AlGaAs diode laser delivering up 
to 20 W at 805 nm (LUMICS). The active elements were cut for propagation along the Ng direction with dimensions 3 × 
3 × 3 mm3 along Np × Nm × Ng. The AR-coated (both for pump and laser wavelengths) samples were mounted in a Cu 
holder with circulating water at 16ºC for heat dissipation. The incident pump beam was focused to a 220 µm spot 
diameter on the crystal with a lens assembly of 20 mm focal length. The polycrystalline Cr2+:ZnS SA samples (IPG 
Photonics), were specified with low signal transmission (corrected for Fresnel reflections) of T0 = 85 and 92% at 
1910 nm. Their AR-coating reduced the Fresnel reflection to about 1% per surface. The SAs were 2.2 mm thick, with 
lateral dimensions of 4.5 × 9.3 mm2. 
 
 
3. THEORETICAL ANALYSIS 
 
In the theoretical analysis of Q-switched lasers proposed by Degnan16 the rate equations were solved analytically using 
the Lagrange multiplier method. The Q-switched pulse parameters, such as maximum energy, duration and peak power, 
are expressed in terms of a single variable z=2g0l/δ where 2g0 l is the small-signal round-trip gain and δ is the round-trip 
dissipative loss. These are the non-useful (passive) losses of the cavity, only due to diffraction, scattering and absorption. 
Both the small-signal gain and the passive losses can be determined using the Findlay-Clay method7 by considering the 
(Tm,Yb):KLuW laser as quasi-three level system in which the reabsorption losses are low thanks to the good thermal 
management. It is well known that the gain of a laser equals the losses in the cavity, i.e. 
 
δ+−= Rlg ln2 0                                                                                    (1) 
 
The useful losses due to the output coupler are accounted for by (-ln R) with R = 1 – TOC, denoting the output coupler 
reflectivity. From measurements of the CW laser thresholds Pth for different output couplers, both the passive losses δ 
and the gain 2g0l can be determined by means of lineal fitting of -(ln R) vs. Pth. The intercept with the abscissa gives δ 






lg η22 0 =                                                               (2) 
 
where AP is the area of the pump beam and IS is the saturation intensity (IS = hνp/σaτf where hνp is the pump photon 
energy). Assuming that ηexc and AP are nearly constant for higher incident powers, then the small-signal gain can be 
expressed in terms of incident pump power instead of threshold power. Thus the single variable z can be estimated from 
experimental data as a function of the incident pump power. In this way, according to the model of Degnan,16 the 
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Here tr=2L/c is the cavity round trip time where L denotes the cavity length. The constant coefficients are compiled in 
Table 1 with the values used for the calculations in the next section. 
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Table 1. Values used in the calculation of the Q-switched pulse parameters. 
symbol coefficient value 
A average area of laser beam in the crystal 70 μm spot radius (estimated)  
h Planck constant 6.63 × 10-34 J⋅s 
tr=2L/c cavity round-trip time 4.9 × 10−10 s 
L cavity length 74 mm 
c speed of light 3 × 108 m/s 
ν=c/λ laser frequency (λ: wavelength) λ=1910, 1916, 1920 and 1948 nm 
σe stimulated emission cross-section13 
1.4 × 10−20 cm 2 (1916 nm)  
1.24 × 10−20 cm2 (1948 nm) 





4. RESULTS AND DISCUSSION 
 
The Findlay-Clay analysis was applied to all four samples using output mirrors with TOC=1.5%, 3%, 5% and 9%. The 
fitted parameters are compiled in Table 2. As can be seen, the small-signal gain values are similar for samples (1) and (2) 
and lower than those for samples (3) and (4). This is related to the upper level lifetime since the saturation intensity is 
inversely proportional to it. In this way, the higher gain values tend to indicate longer lifetime for samples (3) and (4). 
 
Table 2. Fitted parameters for the four (Tm,Yb):KLuW samples from Findlay-Clay analysis in the CW regime. 
crystal 2g0l δ 
(1) (2.7Tm, 2.5Yb) 0.086 Pinc 0.04 
(2) (4.2Tm, 2.2Yb) 0.081 Pinc 0.045 
(3) (6.5Tm, 3.1Yb) 0.16 Pinc 0.13 
(4) (8.8Tm, 2.3Yb) 0.155 Pinc 0.11 
 
As in our previous work on singly doped Tm:KLuW,14 the best transmission of the output coupler in terms of stability of 
the Q-switched pulses and average output power was TOC=9%. The estimated laser beam diameters were 140 and 
350 µm in the position of the (Tm,Yb):KLuW crystal and the SA (placed at a distance of LSA=40 mm from the output 
coupler), respectively. The average output power of the laser emission, naturally polarized parallel to Nm, for all the 
samples in CW and PQS regimes, is shown in Fig. 2. In all cases, the physical cavity length was decreased from 74 mm 
in the CW to 73 mm in the PQS configuration. With all (Tm.Yb):KLuW samples it was possible to achieve stable PQS 
using the T0=92% SA. The best efficiency of 41% in CW operation was achieved with sample (2) but the best conversion 
efficiency from CW to PQS operation (43%) was obtained with sample (1). In the latter case it was possible to increase 
the incident pump power up to 5.7 W without saturation of the average output power in the PQS regime. 
For samples (2) and (4), it was possible to achieve stable PQS operation also with the T0=85% SA. For sample (1), the 
pulse duration with T0=85% was around 1 µs indicating that the SA should be shifted closer to the (Tm,Yb):KLuW 
crystal but this was not possible with the present cavity geometry.  
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Fig. 2. Input-output characteristics of the (Tm,Yb):KLuW laser in the CW and PQS regimes with TOC=9%. 
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Fig. 3. Experimental and calculated values for the maximum pulse energy in PQS operation of the (Tm,Yb):KLuW laser. 
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In Fig. 3 we show the experimental values for the Q-switched pulse energy (estimated by measuring the average power 
and the repetition rate) together with the calculated values using Eq. (3). The highest pulse energy was achieved with 
sample (4). Its maximum was 148 µJ at 3 W of incident pump power using the T0=85% SA, but the energy remained 
nearly constant when further increasing the pump power. The repetition rate was 0.94 kHz at maximum output energy, 
corresponding to an average power of 140 mW. The repetition rate increased to 2.04 kHz at maximum pump level, 
reaching the highest average output power of 272 mW which corresponds to a pulse energy of 133 µJ. Such roll-off 
(saturation effects) in the dependence of the output energy on pump power is observed also in most of the other cases 
depicted in Fig. 3. The best correspondence with the calculation is seen for sample (2) using the T0=92% SA. 







































Fig. 4. Calculated pulse durations and peak powers of the Q-switched (Tm.Yb):KLuW laser in dependence on the incident pump 
power. 
 
Our detection system for temporal characterization gave realistic estimates only for the risetime and assuming 
approximately symmetric pulse shapes, as observed with singly doped Tm:KLuW,14 the pulse durations (FWHM) in the 
present experiment ranged from around 50 ns for sample (4) to about 100 ns for sample (1). Figure 4 shows the 
calculated pulse durations and the resulting peak powers with Eqs. (4) and (5), respectively. The calculated pulse 
durations are shorter than the estimated ones. The calculations also predict shorter pulses for samples (3) and (4) than for 
samples (1) and (2). This is related to the small signal gain which depends on the lifetime and corresponds to the 
experimental observations. 
The quality of the output beam of the Q-switched laser was characterized by its M2 value, measured with the knife-edge 





We achieved passive Q-switched operation with four (Tm,Yb):KLuW crystals with different Tm concentration but 
nearly fixed 2.5 at.% Yb concentration. The maximum Q-switched pulse energy of 148 µJ was obtained with (8.8 at. % 
Tm, 2.3 at. % Yb):KLuW using a T0=85% Cr2+:ZnS saturable absorber. In terms of pulse energy the present results 
present an improvement of more than an order of magnitude compared to similar experiments with the co-doped 
KY(WO4)2 host.4  
The theoretical analysis, under optimum conditions, provides an estimate of the pulse duration. At an intermediate 
incident pump power level of 2.5 W, it predicts pulse durations around 25 ns for 2.7 and 4.2 at. % Tm doping, and 
around 15 ns for 6.5 and 8.8 at. % Tm doping. The corresponding peak power values are ~2 kW and ~5.4 kW, 
respectively. The higher small-signal gain for the two higher Tm-doped samples is related to the longer lifetime 
compared to the samples with lower Tm concentration. In most of the cases, the pulse energy dependence on the pump 
level is saturated presumably because the conditions, output coupling, low-signal transmission of the SA etc., are not 
optimum. Especially the fluence onto the SA is limited by the minimum achievable beam diameter of 350 µm which is 
related to the selected cavity geometry.  
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If compared to single Tm-doping,14 the present results indicate no detrimental influence on the PQS performance of the 
Tm3+→Yb3+ energy-transfer process. Therefore, future studies of the present co-doped system will be performed also by 
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Improved two-micron lasers for
treating glaucoma and reducing
skin wrinkles
Xavier Mateos, Won Bae Cho, Martha Yamile Segura,
Maria Cinta Pujol, Joan Josep Carvajal, Magdalena Aguiló,
Francesc Dı́az, Uwe Griebner, and Valentin Petrov
Passive mode-locking and Q-switching enable pulsed operation of a
thulium laser using either of two saturable absorbers.
Thulium (Tm) lasers operating in the 2m IR spectral range
are interesting for many applications, including spectroscopy,
remote sensing, photomedicine, optical communications, and
metrology. For instance, in photomedicine, 2m lasers may be
used in ophthalmology to treat glaucoma (high pressure in the
eye) by iridotomy, in which holes are made in the iris. Another
ophthalmic 2m laser application is to cut a hole in the back
of the capsule that contains the lens of the eye (capsulotomy).
Lasers at this frequency are also used in dermatology to reduce
skin wrinkles. An interesting feature of such 2m lasers is that
water (the main component of human tissue) is absorbed very
efficiently, more than at 1m, which is produced by the well-
known Nd:YAG (neodymium:yttrium aluminum garnet) laser.
Saturable absorbers (SAs) can be employed to realize both
passive mode-locking and passive Q-switching of such lasers.
As the intensity increases in the laser cavity, the SAs become
more and more transparent until the absorption saturates. This
is called absorption bleaching. Energy absorbed by the SAs is
released in a laser pulse, and the same process starts again.
By using the mode-locked technique, it is possible to obtain
ultrashort (femtosecond) pulse durations, depending on the
breadth of the gain bandwidth of the material. For ophthalmic
applications, the extremely short illumination time of a fem-
tosecond pulse will produce less heating of ocular tissue. Con-
sequently, a mode-locked Tm laser will be particularly suitable
for iridotomy. On the other hand, passive Q-switching, which is
simpler than active Q-switching, can be used to realize compact,
robust, and inexpensive sources of high-energy short pulses in
this wavelength range. As a result, the Q-switched Tm laser with
Figure 1. Autocorrelation trace (a) and laser spectrum (b) of a mode-
locked thulium in potassium lutetium double tungstate laser using
a single-walled carbon nanotube-saturable absorber. a.u.: Arbitrary
units. FWHM: Full width at half-maximum.
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giant energetic pulses is more suitable for skin resurfacing. In
this treatment, after laser damage to the skin, new collagen is
synthesized, achieving skin that is younger in appearance.
At present, semiconductor SA mirrors are used to produce
mode-locking of such lasers. However, these are relatively com-
plicated and expensive to manufacture. SWCNT-SAs exhibit
unique properties and, in particular, offer intrinsically fast sat-
urable absorption1 and relatively simple manufacturing technol-
ogy at low cost. For passive Q-switching, it is also common to
use an intracavity SA, such as chromium II-doped zinc sulfide
(Cr2C:ZnS) or chromium II-doped zinc selenide (Cr2C:ZnSe), in
some 1.9m diode-pumped solid-state lasers.2 We considered
how we could use SWCNTs, Cr2C:ZnS, and Cr2C:ZnSe as SAs
for lasing at 2m, when higher absorption in water makes the
laser-tissue interaction more efficient.
We pursued the pulsed laser operation of Tm in potas-
sium lutetium double tungstate—KLu(WO4/2, also known as
KLuW—crystals. These crystals belong to a more general fam-
ily of monoclinic crystals with the formula KRE(WO4/2, where
REDlutetium (Lu), gadolinium (Gd), or yttrium (Y), which
are established as promising solid-state laser materials.3 The
KLuW samples used were doped with 3 at% Tm (N D 2:4  1020
ionscm 3 measured in the crystal).
In the mode-locking experiments we pumped the Tm:KLuW
laser with a continuous-wave titanium-doped sapphire laser
tuned to 802nm. The laser set-up was very similar to that de-
scribed previously,4 with an additional folding mirror of –10cm
radius of curvature (RC) and an RCD 5cm end mirror to pro-
duce a second cavity waist for the SWCNT-SA. Figure 1(a)
shows the autocorrelation trace recorded at an output power
of >200mW. Assuming a sech2-shaped pulse, its duration is
9.7ps (full width at half-maximum, FWHM). We recorded the
laser spectrum using a spectrometer with a spectral resolu-
tion of 0.2nm. The spectrum was centered near 1944nm—see
Figure 1(b)—and exhibited a spectral bandwidth (FWHM) of
0.45nm. This corresponds to a time-bandwidth product of 0.347,
which is close to the Fourier limit for a sech2 pulse.
In the Q-switched laser experiments, we achieved substantial
improvement over previously reported results,5 in which by
using co-doped ytterbium III (Yb3C), Tm3C:KY(WO4/2 samples
and a Cr2C:ZnS SA, a pulse duration of 63ns and a maximum
output power of 116mW at a repetition rate of 20kHz were
obtained, which corresponds to a single pulse energy of 6.7J.6
Such high repetition rates in fact do not take full advantage
of the long storage time of Tm (e.g., 1.34ms in KLuW), which
intrinsically limits the pulse energy. In the present work, with
a diode-pumped Tm:KLuW, we achieved single-pulse energies
of 16J at lower (6.5kHz) repetition rate. More important, the
much shorter pulse duration of 4.7ns results in peak powers
of 3.4kW.
In conclusion, we realized passive mode-locking of a
Tm:KLuW laser using a saturable absorber based on SWCNTs
and Q-switching of the diode-pumped Tm:KLuW laser using a
Cr2C:ZnSe SA. Simultaneous Raman generation is under inves-
tigation at around 2.3m, and further work on energy scaling
and pulse shortening is also in progress.
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U. Griebner, and V. Petrov, Diode-pumped passively Q-switched Tm:KLuW laser with a
Cr2C:ZnSe saturable absorber, OSA Opt. Photon. Congr., Adv. Solid-State Photon.
Mtg., 2010. ATuA6
6. L. E. Batay, A. N. Kuzmin, A. S. Grabtchikov, V. A. Lisinetskii, V. A. Orlovich,
A. A. Demidovich, A. N. Titov, V. V. Badikov, S. G. Sheina, V. L. Panyutin, M. Mond,
and S. Kück, Efficient diode-pumped passively Q-switched laser operation around 1.9m
and self-frequency Raman conversion of Tm-doped KY(WO4/2, Appl. Phys. Lett. 81,
pp. 2926–2928, 2007.
c 2011 SPIE
UNIVERSITAT ROVIRA I VIRGILI 
MONOCLINIC TM:KLU(W04)2: A NEW CRYSTAL FOR EFFICIENT DIODE-PUMPED CONTINUOUS-WAVE AND Q-SWITCHED LASERS 
Martha Yamile Segura Sarmiento 
DL: T.667-2012 
   
  
 
